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ABSTRACT 

In order to characterize the electromechanical properties of newly developed electrostrictive poly(vinylidene 
rluoride-trifluorethylene) copolymers for practical device applications, the follovvjns results are presented..!). 

•The driving field amplitude dependence of the material response. It was found that .\IiS=\IE-) exhibits the 
driving tleid amplitudedependerice and that the apparent piezoelectric coefficient for the material under DC bias 
depends on both the driving field amplimde and DC field. 2). Load capability. The cocolvmer film has a hi«rh 
mechanical load capabilit\. For e.\ampie. the transverse strain remains 0.67c at -i'MV/m under a tensile load of 
■if MPa. The load dependence of the material response prove that the eleciric tleid induced strain in the 
copolymer films mainly originates from the electric- field induced phase transition in the cr\-stal reaions. 3). 
Frequency dependence of the material response. .Although the strain response dec-eases with increasing 
frequency, it is found that the strain response at I kHz can reach more than 80'^c of the response at IHz. 

Keywords: Electrostriction. PfVT)F-TrFE). Electroactive Polymer. Unimorph. Load Effect. Phase Transition 

1. INTRODUCTION 

Recendy. the research on electroactivepolymers iEAP) is very active, since the flexible polvmer has manv advantages 
over bnctle ceramics for a lot of applications and the E.-\P can produce very high elecaic field induced strain [I] (21. 
However, there are many concerns on E\P from the application point of view. For example, the material response for EAP 
under different load conditions, the change of material response with temperature and frequency, etc. 

In this paper, many material propenies related to the practice devices are characterized for a newly developed 
electrostrictive polymer, electron irradiated polyi'vinylidene tluoride-trifluorethylene) (PfVDF-TrFE)) copolvmer films [3-5]. 
For example, the mechanical load effect on the elecu-ic field induced strain response, the temperature and frequency 
dependences of the electric field induced strain response and dielectric behavior, the driving field amplitude dependence of 
the dielectric behavior and electrostrictive coefficient, and the apparent piezoelectric effect'of the material under DC bias. 
Based on both the load and temperature dependences of the electric field induced strain, it is confirmed from the Devonshire 
theory that the electric induced stnin response in the inradiated P(VDF-TrFE) copolvmer is mainlv from the electric field 
induced phase transition between nonpolar to polar phases in the crysalline area. In addition, a prototype device (unimorph) 
was made using the copolymer films. The performance, such as the tip displacement and blocking force, is also presented. It 
IS found that the performance of the unimorph is very close to the esnmated value from the material properties. 

Ih Smart Structures ana Materials 2000: Electroactive Polymer Actuators gnd Devices (EAPAD) Yoseph 
Bar-Cohen. Editor. Proceedings of SPIE Vol. 3987 (200d) • 0277-786X/00/S15.00 

/3 



2. EXPERIMENT 

PlVDF-TrFE) copolymer powlers were purchased from Soh'ay and Cie. Bruxelles, Belgium. The compositions used 
here are 50/50.65/35 and 68/32 moWc. The copolymer films studied here were prepared using solution cast and melt press. In 
the melt press process, the copolymer powders were pressed between two pieces of aluminum foil at 215 ro 240 °C. In 
solution cast process, the copolymer powders were dissolved in dimethyl formanide iDMF) mi then the solution was cast on 
a tlat glass plate and dried in an oven at 70 "C. Two types of films, the stretched and unstretched films, were studied in this 
work. In order to prepare the stretched films, the films made firom solution cast or quenched from melt press were uniaxially 
stretched up to 5 times at a temperature between 25 to 50 "^C. Both the unstretched and stretched films prepared abo%'e were 
annealed at 140 *C for a time period between 12 to 14 hrs to impro%'e the crj-stallinity. During the annealing proce.-ss, the two 
ends of the films were mechanically fixed. The crj'stallinity of the final films is about 75^, Tae thickness of toe final films 
was in the range from 15 to 30 um. The electron ItiMiiation was carried out in a nitrogen atmosphere at different temperatui^s 
with an electron energy of 2.55 MeV, 1,2 MeV. and I.O MeV respectively. 

Gold electrodes with a rtiicfcness of about 40 nm svere sputtered on both surfaces of the illm m order to characterize the 
material properties. The driving field amplitude dependence of the dielectric behavior was measured through measuring the 
first harmonic component of the polarization using a lock-in amplifier. For the strain response at frequency lower than couple 
hundreds Hz. the longitudinal response of die film under a stress free condition was characterized using a specially designed 
strain sensor based on the piezoelectric bimorph [6], while the transverse one of the films under different wnsile conditions 
%vas chwactenzed using a cantilever-based dilatometer that was newly developed for charactenzins mnsverse strain response 
oi pQlymaric film [T]. The longinidinal strain response at high frequency was charmierized using a single beam 
interterometer. In these kinds of s.Kceriments. the sample was clamped on a glass substrate. 

In order to make copolymer multilayers, a spurr lo%v.viscosir.- embedding media from Pclyscjences Inc. PA, was used. 
Tr.t Spurt wascured at rooro" temperature tor :rf30ut - days. The spurr thickness after being cured is in the range from 0.5 p.m 
to 5 ,um depending on theprccess. For simple unimorph In which one active layer is used,.:he spurr thickness is.usOally",. 
smaller than I um. However, for the multilayer structure, the a%erage thickness of the spurr layer is JDCut 2 to 3 um. 

3. RESLXTS .AND DISCUSSION 

The electric field induced strain responses of some irradiated copolymer films at room Mirrenmire are shown in Rg. I. A 
sinusoidal electric field with a frequency of I Hz was applied and the strain was measured at 2 Kz using a lock-in amplifier 
since the material Is electrostrictive. Tne longitudinal strain is a result of the thickness change cf the film, while the transverse 
strain is related to the length change of die film perpendicular to the applied field direction. The transverse data reported here 
was measured along the stretch direcaon of the su-etched samples. Clearly, the material exhibits a very high strain response. 

It should be noticed tfiat the longimdinal strain is always negative. For unstretched films, the ttansverse strain, which is 
about 1/3 of the absolute value of the iongiiudinal strain, is always positi%'e. However, for the stretched sample, it is found that 
the transverse strain along the stretch direction, which is comparable with the strain level of the longinidinal strain, is positive, 
while the transverse swain jlons the direcrion perpendicular to the stretch direction, wliich is about or less tfian 1/3 of the 
longitudinal strain, is negative. That is. the volume strain of the irradiated copolymer is also verj- high [5]. It should also be 
mentioned that in many electroacti%"e materials, such as polyurethane. silicone. and piezoeleceic ceramics, die volume strain 
is ••ery small HI. CSJ. For E,\P, the contribution to the strain response from Maxwell effect is an important concern [11 {2J. 
Anyhow, the volume strain of Ma-tw^ll effect is very small. The large volume strain response obtained here indicates that the 
coniribudon of Maxwell effect to the strain response of EAP studied here is small. The large volume strain generated by the 
irradiated copolymer indicates that the material also has a potential for hydrostatic applications. 

Based on all tfie above discussion, one can assume that the electric field induced strain response in the electron irradiated 
P'V"DF-TrFE) copolymer originates from the electric field induced phase transition. This will be fiinher discussed below, 
.Actually, this conclusion is pro%en by the recent X-ray experiments for the sample under a different electric field (91. 

With regard to the composition, it is found that die longitudinal strain response of both stretched and unstretched 50/50, 
65/35 and 68/32 films are almost the same. However, rtie transverse strain response along the snetching direction of both 
65.35 and 68/32 film is much higher than that of the 50/50 film. Therefore, for the applications where the longitudinal strain 
is used, the unstretched films are more suitable than the stretched ones due to convenience of die process. For die applications 
where the transverse strain is used, the stretched 65/35 and 68/32 films are more suitable. 
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Fig. I. Amplitude of the strain response vs. amplitude of the electric field. 
la). Longitudinal strain of samples irradiated with 2.55 MeV electrons. Curves al. a2. a3 and a4 are the stretched 65/35 
irradiated at 120 *C with 30 Mrad dose, unstretched 65/35 irradiated at RT with 100 Mrad dose, stretched 50/50 
irradiated at 77 -"C -A-ith 60.Mrad dose, and unstretched 50/50 irradiated at RT with 100 Mrad dose. 
(bi. Transverse stram of stretched samples. Curves b I and b2. are 68/32 film irradiated at 100 'C vtith 65 Mrad and 70 
.Mrad doses, respectiveiy. using i.2 .VIeV electrons. Cur\'e b3 is 65/35 irradiated at 105 "C wiih TO M.ad dose usins 1.0 
MeV electrons. Curves b-i and hi are 65/35 irradiated at 95 'C with 60 Mrad dose and at ~ 'C *ith .SO .Mrad dose, 
respectively, using 2.55 .\leV electrons. 

•    For electrostrictive effect, it iS well known that the electric field induced strain risponse.i S • can be described as: 

S = ME-     or   ' S = QP-        • ,1, 
where E and P are the electric neid strength and polarization, respectively, while M and Q are :har;e related and electric field 
related electrostrictive coetTicients. respectively. Using Eq. I'l) and the strain data, the value of the effective electrostrictive 
coerficients. M and Q. can be obtained. .A set of typical results is shown in Fig. 2. .As expected from die electrostrictive effect, 
the charge related.electrostrictive coefficieat. Q. is nearly independent of the polarization or eiecr.c r'leld. In Fis. 2. Q-f is 
the valtie of Q:j at room temperature for the sample under low electric field. Q,,! and M,, are the lansverse electrostrictive 
coetTicients. However, the electric field related electrostrictive coefficient. M. strongly depends on the electric field. This is 
what is not expected from the electrostrictive effect. 
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Fig.  2 Electric field vs ,\l. Q and effect 
dielectric constant for 65/35 stretched film 
measured at room temperattire. Tlie film was 
irradiated at 95 "C with 60Mrad and 2.55MeV 
electrons. 



In order to understand the driving field dependence of M, the dielectric and polarizarion behaviors of the sample were 
investigated. Since the feiroclectric nature of the material, die relation between the electric field and polarization exhibits 
strongly nonlinear as shown in Fig. 3. Thus. It is expected that the dielectric properties of the material are strongly nonlinear. 
The effecti%'e dielectric constant for the material under different electric field is plotted in Fig. 2, Clearly, the effective 
dielectric constant Is strongly dependent on the electric field. .■\t beginning, the effective dielectric constant at the 
temperatures close to room temperature increases with increasing electric field. However, in hip electric field range, the 
effecti%-e dielectric constant decreases with increasing electric field. 
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Fig. 3 Polarization vs. eiectr.c tield ot IHz for 
itretcned 65/35 tllra under differi.".t deetric tkld. The 
tllin was irradiated at 95 '*C "Mth cOMrad and 2.55MeV 
elecaons. 

Ra. - Frequency dependcacs oi jram response 
tor unstretched 68/32 at a iiiZT,c tisid of 
;O.MV/m. Tne film was iitadiaiK at -OS "C 
with "O.Mrad and I.OMeV electrons. 

TTie strain response reported abo%e %vas measured at low frequencies. Howeser. the strain response of the material at 
reiatt%'e high frequencies is vcrj interesting tor many applications. The frequency dependence of an elecffostrictive film at 20 
MV/m. unstretched 68/32 film irradiated at 105 'C with "0 Mrad dose and 1.0 MeV electrons, was presented in Fig. J^. The 
electric field used is limited due to the high voltage electric source. In these kinds of measurements, the film was completely 
clamped on a glass. From the data m Fig. 4. one can see that the electric field induced strain response does decrease with 
increasing frequency. Howe%'er. the reduction is dependent on the temperature. In addition, as •■vjU be discussed In below, the 
temperature, dependence can be modified a lot through changing the irradiation condition. For die tiim presented in Fig. 4. at 
room temperature die strain at 1 kHz can reach more than fiOft of that at 1 Hz. At a tethperature a little higher than room 
temperature, the strain at 1 kHz can reach more than 80% of tftat at I Hz. Considering the itnun response at low frequency 
presented above mid the frequency dependence of die strain response presented in Fig. 4. it is e.tpected the strain response at 
high frequency for the materid studied here at high electric field should be much higher than strain level of coitunent 
piezoelectric materials. TTie high strain at high frequency is highly e.xpected for many applicadons. 

For actuator applications, the elecirostricrive effect is better than die piezoelectric effect in many cases. However, for the 
sensor and transducer applications, the piezoelectric effect is needed. For elecirostricrive materials, an ^parent piezoelcctnc 
effect con be observed tor die material under a DC bias. It is well known diat the apparent piezoelectric coefficient strongly 
depends on the DC bias. For the electrostricrive polymer studied here, one set of data is presented in Fig. 5. FitJm die data, 
one can see that the piezoelectric coefficient depends on both the DC bias and the amplitude of .AC driving field. That is. the 
piezoelectric coefficient of the electrostrictive polymer studied hers can be turned in a broad range through die external 
electric neld. 



2 
O 

300 

200 

100I-' 

=.^==OMV/m 

\ 

=3g=50MV/fn 

r Sir. 53/32. :.2MeV 

I atlOO'CoSMrad 

For a practice device, the load capability of the eleccroactive 
material is the other key parameter. In order to study the load capability 

of the electrosirictive polymer studied here, the transverse strain along 
the stretch direction for the material under different tensile loads alons 
the stretch direction is measured. The results measured at room 
temperature for a stretched 65/35 copolymer film, irradiated at 95 'C 
with 60Mrad dose using 2.55 MeV electrons, are shown in Fig. 6. It was 
found that the film broke down after working at the tensile stress of 45 
.VlPa for a while. That is. the elastic strength of the film is about ^5 MPa 
which is comparable to that of commercial nylon, a typical structure 
polymer. Even at the tcnsiie stress of 45 .MPa. the film still exhibits a 
very large strain response. For example, for the ilims at an electric field 
of 47Mv/m. the electric induced strain under a mechanical load of 45 
.MPa is about 0.6%. which is nearly squal to the strain response of film 
under mechanical stress free conditions. These results indicate that the 
materials studied here have a high load capability. This is a great 
advantage of the irradiated copolymer over the other E.AP [ 1 ] [2]. 

From the data in Fig. 6. one can find that the transverse strain 
response at room temperature increases with tensile su-ess at the 
beginning and then decreases ^.vilh the stress. There is a tensile stress 
' S\i I at which the strain exhibits a raa.ximum for the film under a constant 
electnc field. 

In order to understand the stress dependence of the electric field 
induced jtraiq response and to vietermine the working teniperarjre rainge for the material, the temperature dependence of the 
strain response was measured. For the .•nate.^3l studied in Fig. 6. the temperature dependence oi the Suain response is shown. 
m Fig.", ine temperature used here was limned by the set-up. 

From the data in Fig. 7. one can find that the strain response decreases with increasing temperamre beginning at RT. 
When decreasing the temperature, the strain response increases at the besinnins and then decreases.' 
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Fia. 5 .Apparent piezoelectric coefficient (dji) 
vs. the amplitude of AC dnvtng field for the 
elecirostrictivc film under different DC bias. 
Tne film is itretched 68/3; irradiated at 105 Oc 
with (55 .Mrad dose using the electron.? of 1.2 
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Fig. 6. Transverse strain amplitude vs. tensile for the film 
under different electric fields. The electric field is 1 Hz 
since wave. 
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Fig. 7. Transverse strain response vs. tempeiacurc for a film under 
a constant electric tleld of IHz. 

The temperature dependence of die electric field induced strain reponed here can be easily understood by considering the 
fact that the irradiated copolymer is relaxor ferroelectrics [31, [10]-[I2]. For reiaxor ferroelectrics. the electric field induced 
strain is related to the electric field induced breathing of the polar regions [11]. [12]. .A.t high tempenmres. the concentration 
of the polar region increases with decreasing temperature. The electric field induced strain, therefore, increases with 
decreasing temperature.—.\t-low-temperaiures. a freezing of the polar region happens.^Vith decreasing-temperature. an 
increased amount of the firozen polar regions results in the decrease of the electric t'leld induced strain response. Therefore, 
the r„ is related to the freezing process of the polar regions. 



Before inadiauon. the copwlymers exhibit a phase transition bet%%'ccn lcrr«ieleciric phase at low temperatures and 
paracleetric phase at high lempcratures. After irradiation, the material is transferred from a normal ferroelectric to a relaxor 
ferroelectric. Although the rela.wr ferroelectric does not have Curie temperature, there are polar regions whosse behavior is 
%ery similar to ferriielectrics. Thus, we can di.scuss. approximately, the rela.tor ferroelectric using the Devonshire 
phenonjcnological thcorj' of the ferroelectric. For a normal ferroelectric, the Curie temperature change«; %vith cstcrnal stress as 
folknvingfl?]: 

AT = 2£„CQ,,X. i_i 

Where ST is the change of Curie temperature corresponding tt» the stress i.V.i. Both C and Q_. are the material properties, the 
Curie-Weiss con.stant and the elecirostrictive coefficients. £=is the vacuum permittivity. For the material studied here, it has 
been reported that (>/.»>" |5I. Thus, the Curie temperature increases with increase tensile. 

Let us discus the data in Fig. 6 mw with Eq. t2). With an increasing tensile strcs>. since the increase of JF. the T„ shifts 
toward RT. at first ilue to F,, being lower than RT. This will result in the strain response «>f the material at RT increasing with 
tensile stress at the beginning. If the tensile .stress increa.<es further, the T„ will lie higher than RT. In this case, the increase of 
tensile stre.ss will result in the T„ deviating awaj from RT. Thus, the electric field induced strain response of the film at RT 
%% ill decrease with increasing tensile stress. That is. the Devonshire theory can be used to e.xplam the stress ciTect on the strain 
response of the irradiated eopolymer films studied here. Thi.-. confirms the above conclusion about the .strain response of the 
material studied here originating from the electric field induced phase transiiion. 

With regard to the temperature dependence of the electric field induced siraiii shown, it is found that the relation between 
the strain response and the temperature can be modified in a very br»»ad range through different iiradiation conditit»ns. The 
temper:nure dependence of the longitudinal strain response for a cop«»lyiner film under a consiani electric field is shown in 
Fig; 8. Clearh. for this material. hS/52 irradiated ai 105 "C with 70 Mrad dus using I.IJMe\* electrons, the strain response is . 
only weekly dependent on the ietn|jeratiire.      . ' . ■ • .   • , ' .      • 
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Fig. S The teinperaiure Jspendcnce ' of the 
UmBiiuJin.il .Mrjin re-tpon>e li'r M/J2 eopolymer 
tllni at .1 eniM.ini eisjinc fielJ vt III/. Tlie film was 
irraJiuieil at iO? C aul; To .Mrad dose using 
I .«Mc%' electrons 

In order to demonstrate the applications of the EAP studied here, a prototype device, a uninmrph. %vas made using the 
copt.»lymer films. For the unimorph having only one active layer, the performance is shown in Fig. 9. Clearly, the electric field 
can drive the material a lot. from straight to a circle. Cleariy. the unimorph can suppH very large displacement. The electrode 
area on the active layer is lrtX2IJ mm". The thickness of the active layer about 22 ,um. while thickness of the whole unimoiph 
is about 45 um. An»und the electrode area, non-electrode edge with a width of I to 2 mm was applied. 

The performance of the unimorph can be derived from the material properties of both the active layer and the substrate. 
For example, the tip displacement fSt and the tip blocking force JFi can be expressed as [14]: 

5 = 
aABil-i-Bi- 

ll  A -B-* + 2ABt2 -r 3B + 2B - .1 -^ I 
(3a» 



F = 
3wt-Ef- 2AB 

>}h, 
8L     CAB+IKI + Bi   ' 

v\here L w and / arc ihe length. wiJili and ihicknt.-s> »t' the imimorph. respectively. .S'. and Ec are ihe transverse strain and the 
YiHinL'^N modulus df the active laver rcspeclivcl\. the .-\ and R are the Yinmsi's modulus ratii> i>f suh^:rato to active layer and 
the tluckne.<is ratio of substrate t"> active layer, respectively. It should be noticed that Eq. <:•" v.a< derived tor verv small 
displacemeni. Therefore, one can not use ec|. (^■^• to de.scrihe the performance of the uiiimorph prc-ented in Fiu. ^t with the 
material properties. However, the efl'cct of the geometric parameters on the displacement and l.>rcc c.ui be dihcu.ssed with eq. 
i.'i. From eq. (3). one can see that the displacement decreases with increasins: the thickness or the jnimorph. However, the 
blocking force lncrca.ses with increasing lhickne^>, Thus, one can make a thick unimorph uMny t!>e m.aerial studied here to 
reduce the displacement and increase ijie blocking force, in this ca.-e. eq. i.'i can he u.sed i.> charjcieri.ic the performance of 
the unimorph. 
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Fig. 'J Ti-.e renornuince ui" a •.::iinii«rph with Vme electro>trictnv P \'DF-TrFE- CIV'.M;. iv.cr 
layer m":; an; Hie pieuirc in the l;!i >h('\i.s the uninuirph without electric fielJ. The picrare ;•; 
ihe riglil show- the uninu'rph Inr liie jeii\e layer ai an electric tield ol'.ibi'ut to .\I\' m.    . 

In order to make things ea.-;\ and measure the blocking force, a multilayer kind of unimi.rph. vuiich has eight active 
layers, was made. The length, widtii and ihicknes-i "tthe unimorph i> 22 mm. 13 mm and 0.32 mm ropcctively. Thedectrodc 
area on the active layer is 2(iXli) mnr. The active layer.-, were <tretched 6S/32 copolymer films irradiated at 100 "C with 
".'^Mrad do.se using the cleciron> y^( 1.2 .MeV. The thicknes.- i>f each active layer is about IS to 2!' urn. The Young's modulus 
(.•f the active layer is about I GPa. The substrate u.-.cd here was unirradiated copolymer tllm. When an .AC electric field of 1 
H/ was applied on the unimorph with ampliiucle.of 550Vrms (that is. the amplitude of the electric field on the active layer is 
about-i!) MV/nii. the measured block force is ?..? gram. For the free standing copolymer film, ii i> fminil that the transverse 
strain at an electric field of 40 M\7m is aboui 0.33''. L'sing eq. i3bi with A=3 and B=l. one can get the blocking force of 4.2 
gram for this unimorph. Considering the following factors, the geometric parameters used in the calculation are the electrode 
area, the surface area of the unimorph is larger than the electrode area, and the glue effect, one can conclude that the estimated 
blocking force is very close to the measured value. This consistency indicates that the strain response o( the polymer under 
free .standing can be u.sed to estimate the dc\ ice beha\ inr in which the polymer is used. 

4. SUM.M.ARY 

High energy (MeV) electron irradiated P(\'DF-TrFEi copolymer (50/50. 6.5.'35. and 6S/32 mol'.V i films ha\e very large 
electric field induced strain response (about 3'.^ hmgitudinal strain and more than 3'"r iransver.se strain). Compared to the 
i.'iher electroactive materials, a great advantage of the irradiated copolymers is that the material has a \ery high volume strain, 
which makes the material very well suitable for hydrostatic applications. The apparent piezoelectric coeftlcienis can be turned 
in a broad range through the external electric field. In addition, the material also exhibits a high strain response at high 
frequency. The strain response of the material under ditferent stress conditions shows that the irradiated copolymer films have 
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very high load capability. The tcmpcraiure dependence o\' the strain response was prcsenied. The relationship between the 
stress dependence and leinperature dependence »(the strain rcspiinses is discussed with the Devonshire phenomcnological 
theory. The c«msisience hetwccn the De%-«nshire ihenry and experimental data indicates that the strain response obtained in 
the irradiated ctipolynier nriginatcs frtiin the eleetric field induced phase transition cif the local polar regions. 
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Abstract 

A new class of ferroelectric polymeric material was developed by using the copolymers of polyvinylidene 
fluoride and trifluoroethylene, P(VDF-TrFE).    Copolymer samples were subjected to high-energy 
electron irradiation, and the material appeared to be converted into a relaxor ferroelectric.    The 
polarization hysteresis loop near the dielectric peak temperature became nearly non-hysteric, but gradually 
broadened and evolved into a normal ferroelectric hysteresis loop as the temperature was reduced.   The 
dielectric constant as a fimction of temperature showed a broad dispersive peak in frequency, with the 
dispersion obeying the Vogel-Fulcher law.   The dielectric constant was greatly increased with electron 
bombardment and a massive electrostriction was observed.    Accompanying these changes were the 
resulting large electrically induced strain and high elastic energy density.   The cause of these changes is 
presently believed to be the breakup of the coherent macro-polar regions containing the all-trans 
molecular conformation into micro-polar regions with increasing amorphous-crystalline interface as the 
sample was exposed to electron iiradiation. 

Keywords: Strain, electostriction, actuator material, copolymer, PVDF, feiroelectrics 

1. INTRODUCTION 

In recent years, there is an increasing interest in the development of new active materials for actuator 
application in smart structure designs.    The design goal usually requires a material that can deliver large ■ 
strains under external stimuU of reasonable electric field and temperature range.   High strain energy 
density is desirable for the generation of sufficient mechanical forces.   Furthermore, the material should 
be low in hysteresis in order to minimize internal heating and to maximize device Ufetime and reliabihty. 
Among the currently available materials, few can fiiUy meet these requirements: PZT ceramics and their 
piezocomposites offer adequate response speed but thek strain levels are too low.   Shape-memoiy alloys 
such as terfenol-D generate high strain and large force but are often associated with large hysteresis and 
very low speed.    Ferroelectric polymeric materials offer the advantage of being light weight, low cost and 
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ease of processing into large sheets that can be made conformable to the surfaces of complex shapes. 

However, for electromechanical applications their strain levels are just as low as the PZT piezoceramics 
and hysteresis as high, two factors greatly limiting their usefuhess. 

A well-known ferroelectric polymer is polyCvinylidene fluoride), PVDF.    This semicrystalline polymer 

exhibits a morphology consisting of small crystallites surrounded by or connected with an amorphous 

phase of long and flexible polymer chains, such as depicted in Fig. 1.   Mechanical stretching and 

annealing can usually induce the so-called "beta-phase" with the all-trans confomiation along the main 

carbon backbone in the crystalline phase (1).   Fig. 2 shows this conformation of PVDF molecules. 

Additional poling at elevated temperatures would subsequentiy produce a piezoelectric polymer with good 

usable qualities, though such processing is quite costly and tedious.   As an alternative, PVDF random 

copolymers with trifluoroethylene (TrFE) have been developed (2).   In such compositions a ferroelectric- 

paraelectric phase transition exists, which leads to large lattice strains, as observed in X-ray diffraction and 

thermal expansion coefficient measurements (3,4).    However, the large strain in these copolymers has the 

disadvantage of being associated with the F-P phase transformation involving very large hysteresis. 

The existence of hysteresis in ferroelectric materials is known to be related to the energy barrier of 

switching the polarization direction or inducing phase transformation from one to another.   In the 

development of electrostrictive ceramics such as PMN or PZN, it was shown that the energy barrier can be 

significantiy lowered or eliminated if the dimension of the coherent polarization regions can be reduced to 

near nanometer scales (5).   The question is therefore asked whether in P(VDF-TrFE) copolymers the size 

of the all-trans conformation region can be effectively reduced by introducing defects along the polymer 
chain via a proper means such as high-energy irradiation. 

Many investigators studied the effect of high energy electron and gamma irradiation on structural 

modification and property changes in P(VDF-TrFE) copolymers (6,7).   It was found that the irradiation 

changes the molecular conformation of the all-trans crystalline stmcture by introducing crosslinking and 

therefore creating an apparent paraelectric phase. The dielectric peak associated with this transformation 

takes place at a lower temperature than the original F-P transition, and is also effectively broadened.   It 

appeared that irradiation breaks up the coherent macro-polar crystalline regions of the aU-trans 

conformation into micro-polar regions, which results in an increase in the amorphous-crystalline interface 
boundary in the polymer 

By following this line of approach, conventional P(VDF-TrFE) copolymers were subjected to high-energy 

electron irradiation.   The effects of such irradiation on the ferroelectric and electromechanical properties 

of the modified polymers were investigated as a fimction of temperature and electric field.   It will be 

shown that the large polarization hysteresis would effectively be eliminated, and a massive electrostriction 

achieved.   The irradiated copolymers essentially behave like a ferroelectric relaxor, representing a new 
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class of ferroelectric polymers with large strain and high strain energy density, which can be used in 

actuator development for smart stracture applications. 

2. EXPERIMENTAL 

Copolymer samples were prepared by melt-pressing polymer resin pellets at 225 C, followed by cooling 

slowly to room temperature.   The resulting fihns had a thickness of the order of 25 micro-meters.   The 

molar percentage of the VDF moiety ranged from 50, 65 to 68, giving a designated copolymer 

composition of 50/50, 65/35 or 68/32.   Gold sputtered electrodes were applied to the fihns for electrical 

measurements.   Dielectric constant and loss property were determined by using a Hewlett Packard multi- 

frequency LCR meter (HP4274A) equipped with a temperature chamber.   The frequency coverage was 

from 50 Hz to 1 MHz over the temperature range of-65 to 125 C at the heating or cooling rate of 2 C/min. 

The polarization hysteresis loops were measured by using a Sawyer-Tower bridge (8) at temperatures 

from -25 to 50 C.   The sample was allowed to equilibrate at each measurement temperature for fifteen 

minutes before the polarization hysteresis loop was measured.   The electric field induced strain was 

characterized by using a bi-morph strain sensor originally designed by Su et al. (9).    Tlie frequency range 

for both the strain and tiie polarization measurement was from 1 to 10 Hz. 

3.   RESULTS AND DISCUSSION 

3.1 Dielectric Properties 

Fig. 3 shows the temperature dependence of the dielectric constant and loss of a 65/35 copolymer sample 

at difierent frequencies.   In comparison with the properties of an unirradiated sample, the dielectric peak 

is considerably broadened.   A strong frequency dispersion is observed, and the temperature where the 

dielectric peak appears (Tm) shifts to higher temperature with increasing frequency.    These features 

resemble those of a ferroelectric relaxor of electrostrictive ceramics (5).   Indeed, the frequency 
dispersion was found to obey tiie well-known Vogel-Fulcher law (10): 

f=fo   exp{-U/k(Tm-Tf)} 

which is typically shown in Fig. 4 by fitting the dielectric data of a 50/50 sample irradiated with 40 Mrad 

at 120 C.   Bofli tiie dielectric peak temperature and the freezing temperature, Tf; move to lower 
temperatures when the samples were irradiated.    Since these temperatures are related to the activation 

energy, this shift suggests that the irradiation had the efiect of breaking up the ferroelectric macro-polar 

regions, resulting in a significant reduction in the activation energy. 
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3.2 Polarization Hysteresis 

For irradiated copolymer samples, the polarization hysteresis loop obtained as a function of applied 

electric field becomes significantly slimmer, as compared with that for an unirradiated sample.   Fig. 5 

gives an example of this result for a 65/3 5 sample.   It can be seen that the broad hysteresis loop of the 

original copolymer sample was reduced when the sample was irradiated with 40, 60, 80 and 100 Mrad, 

respectively, at 120 C.   The slim hysteresis loop suggests that the energy barrier for phase transformation 

is reduced or nearly eliminated by irradiation.   This is an additional indication that the size of coherent 

polarization regions has been reduced in due process.    At a given electric field, the polarization decreases 

with increasing radiation dosage, pointing to a smaller and smaller crystalline domain in the sample as a 

result of irradiation.   As the measurement temperature was lowered to room temperature, a gradual 

appearance of polarization hysteresis was observed, shown here in Fig. 6 for a 50/50 sample irradiated 

with 100 Mrad at 120 C.   The gradual appearance of remanent polarization at lower temperatures 

suggests that the sample remains ferroelectric but the defect structure created by irradiation is not restored 

at high electric field, an important factor for electromechanical applications.    Furthermore, irradiation is 

proven in this case an effective way to remove the polarization hysteresis.    Fig. 7 shows the rernanent 

polarization as a fimction of temperature for both the original and the irradiated samples.   At low 

temperatures the remanent polarization increases to a constant level, which is nevertheless considerably 

lower in the irradiated sample. 

3.3 Electric Field Induced Strain 

The electric field induced strain was measured as a fimction of field strength at 1 Hz.   Fig. 8 shows the 

strain of a 50/50 sample irradiated with 40 Mrad at 120 C.   At an electric field of 150 MV/m, the 

measured strain in the thickness direction exceeded 4% and the strain hysteresis was negligibly small. 

When fitted with the polarization data, the strain follows a linear relationship with the square of 

polarization.   This provides the strongest support that the material is now electrostrictive (11). 

Another interesting feature of the strain response in irradiated copolymer samples is the strain measiffed in 

flie transverse direction in the plane of the fihn.   For a sample that is not stretched, the amplitude of the 

longitudinal strain in the thickness direction is much higher than that of the transverse strain.   However, 

if the fihn is stretched, the transverse strain amplitude in the stretched direction in the fihn is just as high 

as that of the longitudinal strain.   Fig. 9 shows the measured result of strain amplitudes in a 65/35 sample 

irradiated with 140 Mrad at room temperature and with 60 Mrad at 120 C.   In P(VDF-TrFE) copolymers 

a change in polarization is known to produce a strain along the polymer chain in opposite sign to that 

perpendicular to the chain.   A uniaxial stretching of the copolymer film aligns the polymer chain along 

the drawing direction and will enhance the strain response in that direction.   The observed large 
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transverse strain in the stretched direction is important in that it may offer new opportunities for actuator 

and transducer designs using this particular mode. 

4.   CONCLUDING REMARKS 

It is clear that P(VDF-TrFE) copolymer fihns irradiated with high-energy electron radiation represents a 

new class of active material for electromechanical applications.    Once irradiated, the copolymers exhibit 

high electrostrictive strain levels in both the longitudinal and the stretched transverse directions.   The 

observed strain level is as high as 4% at a biased electric field of 150 MV/m measured at 1 Hz.    Both the 

strain and the polarization hysteresis are negligibly small.    With these attractive properties, these new 

copolymers should offer new possibilities in actuator, sensor and transducer applications.   Table 1 shows 

a comparison of the new copolymer properties with those of some other known active materials, including 

the new PZN-PT single crystal (12).   Since the polymer materials are usually very thin, strain energy 

density is also included in Table 1 for evaluation as an actuator material.   It can be seen that the irradiated 

P(VDF-TrFE) copoljmiers are greatly favored in terms of their strain and strain energy density parameters. 

From a practical point of view, since thick films are more difficult to produce, methods for developing 

multi-layered copolymer stacks are currently being investigated.    One particular design is presently being 

considered for use in an underwater acoustic projector at high fi-equencies.   Fig. 10 shows the predicted 

transmitting voltage response (TVR) of this transducer array based on the measured electromechanical 

properties of a 68/32 irradiated copolymer material.    TTie predictive model was validated in a standard 

copolymer transducer by comparing tiie theory with measured acoustical data.    The predicted acoustical 

gain in TVR in this particular case in more than 30 dB for a 14x30 transducer array with the new 

copolymer.   It is expected that such an improvement in device performance be demonstrated soon in a 

planned in-water acoustical test based on the new P(VDF-TrFE) copolymers as the active material of 

choice. 
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Crystal 

Fig. 1  A schematic showing the morphology of a semi- 
crystalline polymer with both crystallites and 
an amorphous phase. 
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Fig. 2  A schematic showing the all-trans conformation of PVDF. 
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Fig. 3  Dielectric response of a 65/35 irradiated copolymer sample. 

Fig. 4 
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FregTiency dispersion of the dielectric response of a 50/50 
irradiated copolymer sample obeying the Vogel-Fulcher law. 
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Fig.   5      Polarization hysteresis of a 65/35 copolymer sample, 
irradiated at 40,   60,   80 and 100 Mrad. 
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Fig,   7 

■Unirradiated 
' Irradiated 

T(°C) 

Remanent polarization of a 50/50 irradiated copolymer 
sample as a function of temperature in comparison with 
the unirradiated original sample. 
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Fig. 8  Electric field induced strain of a 50/50 irradiated sample 
(A) as a fvmction of field, (B) as a function of p2. 
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Appendix 2 

"Characterization of electrostrictive P(VDF-TrFE) copolymers film for high frequency 

and high load applications", Z.Y. Cheng, T.B. Xu, V. Bharti, T. Mai and Q.M. Zhang, T. 

Ramotowski and R. Y. Ting, in Smart Structures and Materials 2000: Electroactive 

Polymer Actuators and Devices. Y. Bar-Cohen, ed. Proc. SPIE Vol. 3987, p.73, (2000). 
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SYNTHESIS AND ELECTRIC PROPERTY OF 

VDF/TrFE/HFP TERPOLYMERS 

A. Petchsuk, T. C. Chung 
Department of Material Science and Engineering, The Pennsylvania State University, University 
Park, PA 16802 

ABSTRACT 

This paper focuses on the molecular structure-electric property relationships of 
VDF/TrFE/HFP terpolymers, containing vinylidene difluoride (VDF), trifluoroethylene (TrFE) 
and hexafluoropropene (HFP) units. Several terpolymers were synthesized and evaluated with 
the corresponding VDF/TrFE copolymcrs. In general, a small amount of bulky HFP units in the 
polymer chain prevents the long sequence of crystallization and results in smaller ferroelectric 
(polar) micro-domains, which show the improved electric properties. The resulting terpolymer 
possesses a interesting combined properties with good processibility, low Curie transition 
temperature and high dielectric conslanl, narrow polarization hysteresis loop, and high strain 
response (2.5%) at relatively low electric Held (50 MV/m). 

INTRODUCTION 

In the past decade, many research activities in ferroelectric fluorocarbon polymer have been 
focussing on VDF/TrFE copolymer v/ith a genera! goal of reducing the energy barrier for 
ferroelectric-paraelectric (Curie) phase transition and generating large and fast electric-induced 
mechanical response at ambient temperature. Although VDF/TrFE copolymer exhibits a high 
piezoelectric and high pyroelectric constant [1], the response of the dipoles to the electric field is 
very slow at the ambient temperature, the polarization hysteresis loop of the copolymer is very 
large. The close connection between the crystalline structure and electric properties led to many 
attempts to alter copolymer morphology by mechanical deformation [2], electron-radiation [3], 
crystallization under high pressure [4], crystallization under high electric field [5], etc. 

Zhang et al. [6] at Penn State University recently perfect the electron-radiation process with 
systematical study of the radiation conditions, such as dosage, temperature, inert atmosphere, 
stretching sample, etc. They revealed an exceptionally high electrostrictive response (> 4%) of 
the irradiated copolymer that behaves like a relaxor ferroelectric. The polarization hysteresis 
loop became very slim at room temperature, comparing with that of the sample before 
irradiation. However, the polarization was also significantly reduced and the sample became 
intractable because of the crosslinking. The increase of hardness of the copolymer sample was 
also revealed in its electric response, very high electric field was required (150 MV/m) for the 
irradiated sample to get a high strain response. It appears that the radiation process not only 
reduces the polar crystalline domain size but also involves some undesirable side reactions that 
increases the amorphous phase and diminishes the processibility of sample. 

Another method of altering the morphology of VDF/TrFE copolymer is to introduce third 
(bulky) comonomer, such as hexafluoropropene (HFP), into the polymer chain. Freimuth et al. 
[7] studied VDF/TFE/HFP terpolymer. They concluded that the incorporation of HFP did not 
affect the crystalline strucmre, but strongly reduced the degree of crystallinity. The terpolymer 
exhibited thermal behavior similar to those observed in copolymer. Tajitsu et al. [8] reported the 
switching phenomena in VDF/TrFE/HFP terpolymers having a low HFP content (< 2.5 mol%). 
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11- increase DI' 1U-P content, both polarization and dielectric constant decreased at the 
cmpcrnturc, and the switching time was very much independent on the HFP content. 
Itlioiigh there are experimental results on switching time, little information is available on 
icture and the piezoelectric and pyroelectric properties of the VDF/TrFE/HFP 
mers. It is very interesting to understand their structure-property relationship, especially 
tiple containing only a very small content of HFP termonomer (enough to reduce the size 
ir crystalline domains, but not the overall crystallinity). The interested terpolymers have 
)F/TrFE mole ratio between 50/50 and 70/30, that provide high polarization at low Curie 
ature (~ 60 "C). In this study, we will investigate their thermal and electrical properties, 
5 dielectric constant, polarization hysteresis loop, and electrostrictive response. 

LTS AND DISCUSSION 

ible 1 summarizes several VDF/TrFE/HFP terpolymers that were prepared by borane/Oa 
iloroacetyl peroxide initiators at low temperature. Two commercial copolymers with 
rFE mol% of 50/50, and 62/38 were also investigated for comparison. 

Table 1 A Summary of VDF/TrFE/HFP Co- and Ter-polymers. 

un 
Polymer Comp.(%) Tm 

(X) 
AHm 
(J/g) 

Tc 
(°C) 

AHc 
(J/g) 

Mw 
(xlO-^) 

lo. VDF TrFE HFP 

)/50 50 50 - 158.2 28.1 63.8 6.3 19.67 

>/38 62 38 - 152.0 32.7 103.1 22.7 34.30 

03 54.3 43.8 1.83 128.3 18.0 40.6 4.1 3.40 

04 69.2 30.0 0.84 137.9 25.1 44.8 7.4 3.35 

06 65.9 33.4 0.71 139.6 28.8 61.2 15.3 3.43 

08 59.7 38.2 2.1 138.4 19.6 40.9 4.7 3.36 

12 73.3 26.5 0.14 143.0 27.5 55.6 13.3 11.3 

13 57.7 41.96 0.3 142.0 25.7 45.5 5.7 8.89 

14 52.59 46.63 0.8 139.3 23.2 49.5 9.3 8.61 

15 63.4 35.8 0.8 139.7 22.7 42.4 4.6 18.20 

19 60.49 37.2 2.3 131.5 20.9 42.4 4.8 5.19 

21 55.17 42.35 2.46 129.1 15.6 35.6 2.6 17.20 

tal Properties 

SC measurement was used to investigate the thermal behaviors of the terpolymers. Figure 
lares three terpolymers having VDF/(TrFE+HFP) mole ratio in the vicinity of 55/45 (run 
^103, 121) with the copolymer having VDF/TrFE 50/50 mole ratio. It is very clear that as 
P molar content increased the Curie and melting temperatures of the terpolymer 



decreased. The Curie temperature decreased from 63 °C (commercial VDF/TrFE 50/50 
copolymer) to 49.5,40.6,35.6°C (our VDF/TrFE/HFP terpolymers with 0.18, 1.8, 2.46 
mol%HFP, respectively). The bulky HFP units clearly effect the crystalline domains. The 
smaller polar domains may result in the lower energy for the conformation transition, heni 
Curie transition temperature decreases. In addition, the bulky groups may also reduce the 
intermolecular interaction between the polymer chains. 

Temperature (°C) 

Figure 1. Comparison of DSC thermograms of VDF/TrFE/HFP terpolymer (run no. 
114,103,121) with the copolymer having VDF/TrFE 50/50 mole ratio. 
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Figure 2. Comparison of DSC thermograms of VDF/TrFE/HFP terpolymers having abom 
mol% HFP and the TrFE content, 30 (104), 35.8(115), and 46.6 (114) mol%, respectivel) 



l^•.llI<• .l comjiarcs DSC curves of the terpolymers having about 0.8 mol% HFP and the 
r.inti^iit, 30, 35.8, 46.6 mol% respectively. Both Tm and Tc are not very sensitive to the 
contents. VDF and TrFE units in the terpolymer must co-crystallize vi^ell in the lattice, and 
yslal structure and polar domain size maintains invariable despite the change of the 
IrFR mole ratio. Comparing w^ith the corresponding VDF/TrFE copolymers, it appears that 

11 amount (< 1 mol%) of bulky HFP in VDF/TrFE/HFP terpolymers may only reduce the 
domain size, but not overall crystallinity and the magnitude of the dipole. 
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3. The comparison of dielectric constant (top) and dielectric loss (bottom) of three 
^mers w^ith HFP content of, 0.3, 0.8,2.46 mol%, designated as o, •, ♦,respectively, and 
■nmercial copolymer, P(VDF/TrFE) 55/45, ♦ 

trie Properties 

:gures 3 compares permittivity and dielectric loss at 10,000 Hz, respectively, of three 
:ched and annealed VDF/TrFE/HFP terpolymers containing 0.3, 0.8, 2.46 mol% HFP (run 
3, 114, 121)and a VDF/TrFE copolymer. All polymers have a similar VDF/TrFE mol 
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i^■.lllc• 2 compares DSC curves of the terpolymers having about 0.8 moI% HFP and the 
ctmteiil, 30, 35.8, 46.6 mol% respectively. Both Tm and Tc are not very sensitive to the 
contents. VDF and TrFE units in the terpolymer must co-crystallize well in the lattice, and 
ysta! structure and polar domain size maintains invariable despite the change of the 
TrFE mole ratio. Comparing with the corresponding VDF/TrFE copolymers, it appears that 
II amount (< 1 mol%) of bulky HFP in VDF/TrFE/HFP terpolymers may only reduce the 
domain size, but not overall crystallinity and the magnitude of the dipole. 
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3. The comparison of dielectric constant (top) and dielectric loss (bottom) of three 
^mers with HFP content of, 0.3, 0.8, 2.46 moI%, designated as n, •, ♦, respectively, and 
•nmercial copolymer, P(VDF/TrFE) 55/45, <• 

trie Properties 

;gures 3 compares permittivity and dielectric loss at 10,000 Hz, respectively, of three 
:ched and armealed VDF/TrFE/HFP terpolymers containing 0.3,0.8, 2.46 mol% HFP (run 
3,114,121)and a VDF/TrFE copolymer. All polymers have a similar VDF/TrFE mol 
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i.ilio 55/45. The results clearly show a significaiil permittivity dependence on the KFP 
I lie correlated Tg (at y relaxation) of the polymer, associated with the amorphous pha? 
no change in dielectric loss with small amount of HFP units. However, small quantity 
units in the crystalline domains has a large impact to the crystallization process of the ] 
domains. The Curie transition temperature shifts to the lower temperature as the HFP c 
increases. It is worth noting that the dielectric constant values of the terpolymers are a 
same as comparing with copolymer. This result indicates the fact that the introduction 
units into polymer do not alter the conformation of the polymer chain (polymer chains 
possess an all-trans ferroelectric conformation at the room temperature). Indeed, it fac 
rotation of the dipoles upon heating by presumably breaking up the large polar domain 
microdomains. The small ferroelectric domain only need a small amount of energy to 
polymer conformation from polar to non-polar. 

Fcrroelectricity 

Figure 4 compares the electric displacement vs. electric field of three terpolymers 
115, 108, 119) with similar VDF/TrFE (~ 60/38) and different HFP content, 0.8, 2.1, 2 
HFP, respectively. As HFP content increases, the coercive field decreases as well as th 
polarization. For the terpolymer, the coercive field (Ec) required to change the directic 
dipoles is much lower comparing with those of the commercial copolymer. Coercive i 
terpolymer is in the range of 20-30 MV/m while the coercive field of the commercial c 
is in the range of 50-60 MV/m. This is presumably due to HFP termonomer breaks lar 
domain size into smaller domain size, and allows reversal of the dipoles at lower field. 

E(MV/m) 

Figure 4. Comparison of electric displacement vs. electric field at 22°C of unstrel 
VDF/HFP/TrFE terpolymers with various HFP contents, 0.8, 2.1, 2.3 m 
designated as—,...., —, respectively. 

It is interesting to note that polarization of terpolymer is also dependent on the reh 
amounts of a- and p-phase. [12] For some terpolymers with relatively low TrFE contei 



1.11,; |>i.l,iii/.;itioa v)rihe stretched polymer film increases dramatically compared to that of 
ctt IR-II lllm. Mechanical drawing clearly increases the relative amount of P-phase by 
using (lie amount of oriented dipoles resulting in an increase in the remnant polarization. 

i'igurc 5 compares the coercive field and the polarization of VDF/TrFE/HFP 
7/42.35/2.46) terpolymer 121 under various temperatures. As the temperature increased 
2 rC to 42°C, the coercive filed reduce since the higher temperature facilitate the change of 
irection of the dipoles. As the temperature increased to 50°C, the coercive field slightly 
ased arising from space charge trapped in samples. As the temperature increases further 
nd the Curie transition temperature, the hysteresis loop obtained was very large with 
iding" at the ends indicative of conduction losses. The ability of switching the direction of 
ipoles is reduced as the temperature goes beyond the phase transition temperature. 
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Figure 5. Comparison of polarization hysteresis loop of stretched VDF/TrFE/HFP 
(55.17/42.35/2.46) terpolymer 121 under various temperatures. 

electricity 

One of the most desirable properties of the eletroactive polymer is to possess large 
anical deformation at low external field. Figure 6 shows the deformation of the 
TrFE/HFP (55.17/42.35/2.46) terpolymer under electric field at various temperatures. The 
nation of the terpolymer has a highest value at 50°C, near the Curie temperature (40°C). 
t temperature increases further, the deformation drops at low field. Afler the temperature 
ises beyond the Curie transition temperature, the polymer chains lose the piezoelectric 
rties. Consequently, the deformation drops. 

It is very interesting to quantify the effect of HFP content to the strain. Figure 7 
ares a deformation under electric field of stretched VDF/TrFE/HFP (55.17/42.35/2.46) 
ymer with that of the irradiated VDF/TrFE copolymer at Curie temperature. The 
nation of the terpolymer indeed is higher than that of the irradiated sample at low field. 
• before has the strain of almost 2.5% been achieved at 50 MV/m. It should be noted that 
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the high strain response of the terpolymer was obtained at 50°C because the Curie tern; 
of the terpolymer is still above room temperature. 

1 
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Figure 6. The dependence of the strain response of the stretched VDF/TrFE/HFP 
(55.17/42.35/2.46) terpolymer on the temperature. 

50 100 
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Figure 7. Comparison of the strains of stretched VDF/TrFE/HFP terpolymers m« 
the Curie temperature with that of irradiated VDF/TrFE copolymer at 
temperature* (*data are reproduced from ref. 6). 
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CONCLUSIONS 

All the experimental results of VDF/TrFE/HFP terpolymers consistently show that a small 
amount of HFP units have a significant effect to the polymer morphology and electric properties. 
Few bulky groups effectively reduce the size of polar crystalline domains, but not the overall 
crystallinity and conformation of the polymer. The flexible dipoles in the smaller polar domains 
reflect in the piezoelectric property. A highest value of strain (about 2.5%) at very low field (50 
MV/m) was observed in the terpolymer, which is significantly higher than that of the irradiated 
copolymer sample under the same conditions. 
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APPENDIX 13 



Giant Electrostrictive Response in Poly{vinylidene-fluoride 
hexafluoropropylene) copolymer 

Xiaoyan Lu, Adriana Schirokauer and Jerry Scheinbeim 
Dept. of Chemical and Biochemical Engineering, 
Rutgers University, Piscataway, NJ 08855 

ABSTRACT 

In the present study, the strain response of a new class of copolymers of PVF2 is 
investigated. Electrostrictive strains were measured in poly(vinylidene-fluoride 
hexafluoropropylene), P(VF2-HFP), using a capacitance method (air-gap capacitor), as a 
function of electric field. Three different thermal treatments (ice water quenched, air 
quenched and slow cooled) were given to samples of composition 5% and 15% HFP. 
Strains greater than 4 % were observed in the 5% HFP ice water quenched P(VF2-HFP) 
copolymer. Values of elastic modulus were lower for the quenched 5 % films than for the 
slow cooled ones, and in both cases they were higher than previously studied 
polyurethane elastomers and poly(vinylidene-fluoride trifluoroethylene) copolymers. 
Key words: Electrostrictive Polymer, Poly(vinylidene-fluoride hexafluoropropylene) 
copolymer, Ferroelectic, X-ray, DSC. 

INTRODUCTION 

Field-induced electrostrictive strains can be observed in a material upon application of 
an electric field. These strains are known to be proportional to the square of the applied 
field. If the strains are high enough, materials having this property offer great promise in 
applications such as sensors, actuators, artificial muscle, robotics and MEMS. 

\ I Giant electrostrictive strains were first observed in a polyurethane elastomer [1]. The 
llpolyurethane exhibited strains greater than 3% under electric fields of up to 40 MV/m 

and an elastic modulus on the order of 0.01 GPa. Recently, strains up to 4% were 
observed in a copolymer of PVF2, Poly(vinylidene fluoride/ trifluoroethylene), 
[P(VF2/TrFE)] upon application of electric fileds up to 150 MV/m. These films were 
subjected to a two step process in which the materials were fkst melt-pressed and slow 
cooled and then irradiated with a high energy electron beam [2]. The irradiated 
P(VF2/TrFE) films were observed to have an elastic modulus of approximately 0.4 GPa. 
In the present study, the electrostrictive strains were measured in 
poly(vinylidenefluoride/hexafluoropropylene), P(VF2/HFP), random copolymers under 
electric fields up to 60 MV/m. The strain response of ice water quenched, air quenched 
and slow cooled samples was compared for 5% and 15% HFP copolymer compositions. 
The thickness strain constant, dt, was then calculated from the strain vs. electric field 
curve. Dielectric constant of the materials, elastic modulus, d^ and esi were studied, as 
well as the material's melting behavior and crystallinity observed from DSC and X-Ray 
Diffraction data. 

II 
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:XPERIMENTAL 

Films of the 5% and 15% mol % HFP copolymers of PVF2/HFP were prepared in a 
larver Laboratory Press®. The copolymers were obtained in pellets from Soltex, and 
Dnverted then into powder in a Freezer Mill. The powder was melted at 190 °C and 
ressed at 4,000 psi. For each composition, three different thermal treatments were used: 
:e water quench, air quench and slow cool. All samples were 50 to 60 |am in thickness 
id were cut into strips of 3 x 2 cm. Two strips of the same film were cut for each kind of 
imple. Gold electrodes 30 nm in thickness were deposited on the two sides of the films 
sing a Sputter Coater EMS 650. The electrode area was 2.5 x 1.5 cm. The two films 
ere placed on the sides of an air-gap capacitor, sandwiched between the capacitor plates 
'ig.l). One electrode of each film was connected to the high voltage supply and the 
her electrode was grounded. Electrostrictive strains were measured as a fimction of dc 
ectric field up to 60 MV/m using the air-gap capacitor. 

Glassman High 
Voltage, Inc. 

Y////Z^. 

Polymer 
Film 

Gold Electrode on 
Glass Slide 

HP 4192 A 
Impedance 
Analyzer 

Glass 
Plates 

Gold electrode on 
Polymer Film 

g. 1- Schematic of the air-gap capacitance system. Air-gap electrode area is 4.0 cm . 

le capacitance of the air-gap, measured using an HP 4192 A Impedance Analyzer, was 
sn related to the strain change in the film. The measured capacitance is related to the 
r-gap thickness through equation 1. 

t = 8o-A/C [1] 

lere EO is the permittivity of air, A is the air-gap electrode area and C is the measured 
pacitance. Given the arrangement of the polymer films sandwiched between the 
pacitor plates, the air-gap thickness is approximated to the film thickness, t. The 
rcent strain of the film is then approximated to the percent change of the air-gap. 
ilibration of the system was first performed using a  1.00 pF  standard capacitor. The 
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precision of the measurement was 2%. The accuracy of the capacitance system w 
confirmed using the previously tested polyurethane films. The resuhs obtained w 
system matched the ones previously obtained [1]. For a given composition, the re 
of ice water quenched, air quenched and slow cooled samples were compared, 
modulus and relative dielectric constant were measured at 100 Hz and room tempt 
as well as a function of frequency (ranging from 0.01 to 10,000 Hz) and temp 
(ranging from -80°C to 100°C) using a Rheolograph Solid® Toyoseiki, Japan. 

X-Ray Diffraction patterns were obtained using a Diffraktometer KristalL 
Siemens. The melting behavior of the material was studied using a Differential Sc 
Calorimeter (DSC), TA Instruments®. Values of remanent polarization and c« 
field were obtained by poling the films using a high voltage source Trek® Mode 
and Keithley® 617 electrometer and 195A digital muhimeter, and the aid of co 
software. 

RESULTS AND DISCUSSION 

Both P(VF2-HFP) copolymers of 5 % and 15 % mol % HFP content exhibited th 
behavior with respect to thermal treatment; slow cooled and air quenched s 
showed the smallest response (strains « 1 %), whereas the ice water quenched s 
exhibited the largest response in both, the 5 % and the 15% HFP compositions (] 
Strains greater than 4% were observed in the 5% HFP ice water quenched P(VF 
copolymer, the largest response observed among all of the samples. Following th 
behavior, 15 % HFP ice water quenched films showed the largest strains (« 3%) 
the samples of the same composition. All curves were proportional to the square 
electric field until saturation. The ice water quenched 5% HFP copolymer also sh( 
highest thickness strain coefficient, dt, among all of the samples (Fig. 3). The th 
strain coefficient increased linearly with increasing electric field up to the begin 
saturation indicating electrostrictive response. The dt value for the 5% HFP ic( 
quenched copolymer was approximately 16.5 A/W. The value of the electros 
constant, M33, was 5.5x10' m^/V^. Both values are larger than the ones obse 
previously studied polyurethane elastomers and P(VF2-TrFE) copolymer. 

To gain an understanding of the structure of these copolymers and the diff 
between them that can be accounted for in terms of their strain responses, chj 
dielectric constant with temperature and frequency, DSC scans and X-Ray difl 
were performed. Figure 4 shows the change in dielectric constant with temperatur 
5% and 15% HFP ice water quenched copolymers showed an increase in di 
constant with increasing temperature with a pattern similar to that of PVF2 homopi 
The dielectric loss curves showed the glass transition temperature peak at around 
for the 5% HFP ice water quenched copolymer. This peak shifts to higher tempera 
the HFP content is increased as shown in the curve for the 15% HFP ice water qt 
copolymer with glass transition temperature at around -20°C. The dielectric c 
frequency scans showed a decrease in dielectric constant with frequency. The ch 
dielectric constant with frequency is also similar to that of PVF2 homopolyrai 
Curie transition temperature is observed on the dielectric constant-temperature sea 

The X-Ray diffraction patterns of the 5% and 15% ice water quenched samj 
not lead to a characterization of the crystal structure of these copolymers. It was 

(^ 3 



 previous work [3] that PVF2 homopolymers exhibit two phases, phase I, a non-polar 
phase and phase II which is a polar ferroelectric phase. To gain more information on 
Irom 

Bec^ric^eld(^MlT^ 

2- Strain response of PVF2/HFP copolymers with applied electric field, a) ice 
water quenched PVF2/HFP 5%, b) ice water quenched PVF2/HFPI5%,   c) 
air quenched PVF2/HFP 15%, d) air quenched PVF2/HFP 5%, e) slow 
cooled PVF2/HFP 5% and f) slow cooled PVF2/HFP15%. 
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Fig. 3- Thickness strain constant, dt, as a function of electric field. 

CO 

c 
B w 
c 
o 
O 
o 

b 

A.5 

4.0 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 
-100    -80     -60     -40    -20 20      40      60      80     100    120 

g 
CD 

=3. 
O 

CO 

Temperature °C 

Fig. 4- Dielectric constant vs. temperature for ice water quenched samples, 5% 
HFP (•) and 15% HFP (o). The frequency of measurement is 104 Hz. 
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Fig. 5- Dielectric constant vs. frequency for ice water quenched samples 
measured at  room temperature. 

•oelectric behavior of the 5% and 15% HFP ice water quenched copolymer a poling 
leriment was performed in the range of -150 MV/m to 150 MV/m. At the higher 
:tric fields, the 5% and 15% HFP copolymers showed ferroelectric behavior. The 
•oelectric switching occurred at electric fields that are higher than the range used for 
in measurements (electrostrictive strains were measured up to 60 MV/m). Figure 6 
ws the electric displacement, D, vs. electric field curves for the ice water quenched 
and 15% HFP copolymers. The remanent polarization, Pr, decreased about 20% from 
5% HFP copolymer (« 60 mC/m^) to the 15% HFP copolymer (« 48 mC/m^) due to 
decrease in crystaliinity when adding more HFP. For all other samples the remanent 
arization was negligible.The previous result suggests that the material exhibits 
•oelectric behavior at higher electric fields, however no conclusion can be drawn as to 
ither or not this property plays a role in the mechanism of electrostriction. 
The crystaliinity of the material was studied using Differential Scanning Calorimeter 
5C) to analyze the melting behavior and X-Ray Diffraction (WAXD) to find out 
nges in crystal structure. Fig 7 shows the increase in crystaliinity as well as the crystal 
n from before and after the application of high field (« 50 MV/m). Also as suggested 
the enthalpy values, ciystallinty decreases with increasing HFP content in the 

(olymer, which is due to the bulky size of the CH3 groups. 
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Fig. 6- Electric Displacement vs. Electric Field for ice water quenched 5% and 15®/ 
% HFP copolymers. 
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Fig. 7- DSC Thermograms of ice water quenched 5% and 15% HFP, P(VDF- 
HFP) samples before and after application of high voltage (HV). 

67 



This observation was confirmed by the X-Ray diffraction patterns (WAXD) of the 
iples. (Figure 8). For 5% HFP/ice water quenched sample, both curves before and 
r application of field can be matched to the pattern of PVF2 polar phase II [3], 
wing the (010) peak at around 20 = 19 and (110) peak at around 20 = 20. For 15% 
'/ice water quenched sample, the diffraction pattern is unsolved. Further 
racterization of these crystal structures will be performed using IR spectroscopy. 
/alues of elastic modulus and dielectric constants for both samples before and after 
lication of field were measured and tabulated in tables 1 and 2. Values of elastic 
lulus for both 5% and 15% HFP ice water quenched samples were higher than the 
/iously studied polyurethane elastomers (elastic modulus = 0.068 GPa), [1], and 
<vinylidene-fluoride trifluoroethylene) copolymers (0.38 GPa), [2]. The energy 
isty of 5% HFP ice water quenched sample is also much higher compared to 
'iously studied polyurethane elastomers and high energy electron irradiated 
trostrictive poly(vinylidene-fluoride trifluoroethylene) copolymers . 

5% HFP /ice water quenched 

Before HV 

15% HFP/ice water quenched 

Before HV 

15 25 35 

2-Theta (deg) 
45 15 25 35 45 

2-Theta (deg) 

Fig. 8- X- Ray diffraction patterns of ice water quenched samples before and after 
application of high voltage. 
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Material 
P(VDF-HFP) 

Y 
(GPa) 

Er YSV2 
(J/cm^) 

5% HFP/Ice Water Quenched 0.88 13.5 0.7 
15% HFP/Ice Water Quenched 0.55 12.7 0.25 

Table 1. Elastic modulus ,dielectric constant and energy density for ice water 
quenched P(VDF-HFP) copolymer with 5 and 15% HFP before polir 

Material 
P(VDF-HFP) 

Y 
(GPa) 

Er YSV2 
(J/cm^) 

5% HFP/Ice Water Quenched 1.10 13.3 0.88 
15% HFP/Ice Water Quenched 0.50 13.3 0.23 

Table 2. Elastic modulus , dielectric constant and energy density for ice wate: 
quenched P(VDF-HFP) copolymer with 5 and 15% HFP after poling 

Further research will investigate other structure property relationships in i 
copolymers and will be directed towards gaining an understanding of the molC' 
mechanisms responsible for the observed electrostrictive response. 
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ABSTRACT 

The electro-mechanical properties of high energy electron irradiated poly(vineylidene 
fluoride-trifluorethylene) (P(VF-TrFE)) copolymers under different mechanical stress conditions 
are reported. In stress free condition, the electric field induced longitudinal and transverse strains 
of the irradiated P(VDF-TrFE) copolymer films at room temperature (RT) can reach about 5% 
and more than 3% respectively. The longitudinal strain response of the material under hydrostatic 
a pressure up to 83 atmospheses was studied at RT. The transverse strain response of the material 
at RT was studied under uniaxial tensile stress. It was found that the material has a high load 
capability and for stretched films along the stretching direction the induced strain remains high, 
even at about 45 MPa. The temperature dependence of the strain re tonse is also characterized. 
Both the temperature and stress dependence of the strain response indicate that the electric field 
induced strain response originates from the electric field induced local phase transition. 

INTRODUCTION 

Electroactive materials have been used in numerous applications, such as robotics, active 
damping, vibration control and isolation, manipulation, ultrasonic transducers for medical 
diagnosis and sonar. However, most of the activities in the area of electroactive materials was 
focused on inorganic ceramics/crystals [1]. Not much attention was paid to electroactive polymer 
(EAP) due to the small number of available materials, as well as their limited actuation 
capability. 

For electro-mechanical applications, a material exhibiting a high electric field induced strain 
response is always highly desirable. Recently, a very high electric field induced strain response 
was observed in many EAP systems [2], such as heavily plasticized poly(vineylidene fluoride- 
tiifluorethylene [P(VDF-TrFE)] [3], polyuretiiane and silicone [3], [4]. Very recently, we 
reported that high energy electron irradiated P(VDF-TrFE) copolymer film exhibits a very large 
electric field induced strain response [5], [6]. The irradiated P(VF-TrFE) copolymers possesses a 
very high elastic energy density besides the high strain response since the material is of relative 
high elastic modulus compared to other EAP [5], [6]. In addition, these polymers have many 
advantages over ceramics/crystals, such as low cost, flexible, easy to process and shape. All these 
make the electroactive polymer (EAP) very attractive for a broad range of electromechanical 
applications [2]. 

In most electromechanical applications, the material is under some mechanical load 
condition. Thus, for a soft polymeric material, the electromechanical properties of the material 
under different stresses conditions or the load capability of the material is always an important 
concern. In this paper, the studies of the electric field induced strain response of irradiated 
P(VDF-TrFE) copolymer under different mechanical boundary conditions are reported. The 
results show that the material has high load capability. 
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ERIMENT 

(VDF-TrFE) copolymer powders were purchased from Solvay and Cie, Bruxelles, Belgium, 
compositions used here are 50/50, 65/35, and 68/32 mol%. The copolymer films studied 
were prepared using two approaches: melt press and solution cast. In the melt press process, 
opolymer powders were pressed between two pieces of aluminum foil at 215 to 240 °C. In 
olution cast method, the copolymer powders were dissolved in dimethyl formanide (DMF) 
hen the solution was cast on a flat glass plate and dried in an oven at 70 °C. Two types of 
, the stretched and unstretched films, were studied in this work. For the unstretched films, 
ilms prepared above were annealed at 140 °C for a time period between 12 to 14 hrs to 
3ve the crystallinity. In order to prepare the stretched films, the films made from solution 
or quenched from melt press were uniaxially stretched up to 5 times at a temperature 
5en 25 to 50 °C. The stretched films were then annealed at 140 °C for 12 to 14 hrs to 
ase the crystallinity. During the annealing process, the two ends of the stretched films were 
lanically fixed. The crystallinity of the final films is about 75%. The thickness of the films 
in the range from 15 to 30 \im. The electron irradiation was carried out in nitrogen 
sphere at different temperatures with an electron energy of 2.55 MeV, 1.2 MeV, and 1.0 

1 order to characterize the electric filed induced strain response, gold electrodes of a 
ness of about 40 nm were sputtered on both surfaces. The longitudinal strain response of the 
under a stress free condition was characterized using a specially Resigned strain_sensor based 
^^piezoelectric bimorph [7]. The longimdinal strain response of the films under hySrostaSc 
ure was cfiaractertZS31ising a specially designed set-up [8]. The transverse strain of the 
under different tensile conditions was characterized using aj:3nlilever=baaed dilatometer 

was newly, developed fot-characterizing transverse strain response gtpfllymericffln^ 

ULTS AND DISCUSSION 

in Response of Films under Stress Free Condition 

'he electric field induced strain responses of some irradiated copolymer films at RT are 
'n in Fig. 1. A sinusoidal electric field with a frequency of 1 Hz was applied and the strain 
measured at 2 Hz using a lock-in amplifier since the material is electrostrictive. The 
tudinal strain is a result of the thickness change of the film, while the transverse strain is 
5d to the length change of the film perpendicular to the applied field direction. The 
verse data reported here was measured along the stretch direction of the stretched samples. 
rly, the material exhibits a very high strain response. It should-be noticed that the 
tudinal strain is always negative. For unstretched films, the transverse strain, which is about 
tf the absolute value of the longitudinal strain, is always positive. However, for the stretched 
)le, it is found that the transverse strain along the stretch direction, which is comparable with 
Jtrain level of the longitudinal strain, is positive, while the transverse strain along the 
tion perpendicular to the stretch direction, which is about or less than 1/3 of the longitudinal 
1 and is negative. That is, the volume strain of the irradiated copolymer is also very high [6]. 
ould also be mentioned that in many electroactive materials, such as polyurethane, silicone, 
piezoelectric ceramics, the volume strain is very small [1], [4]. The large volume strain 
rated by the irradiated copolymer indicates that the material also has a potential for 
ostatic applications. 
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Fig. 1. Amplitude of the strain response vs. amplitude of the electric field, 
(a). Longitudinal strain of samples irradiated with 2.55 MeV electrons. Curve; 
a3 and a4 are the stretched 65/35 irradiated at 120 °C with 80 Mrad dose, uns 
65/35 irradiated at RT with 100 Mrad dose, stretched 50/50 irradiated at 77 
60Mrad dose, and unstretched 50/50 irradiated at RT with 100 Mrad dose. 
(b). Transverse strain of stretched samples. Curves bl and b2, are 68/32 film ii 
at 100 °C with 65 Mrad and 70 Mrad doses respectively using 1.2 MeV e. 
Curve b3 is 65/35 irradiated at 105 °C with 70 Mrad dose using 1.0 MeV e! 
Curves b4 and b5 are 65/35 irradiated at 95 °C with 60 Mrad dose and at 77 °C 
Mrad dose respectively using 2.55 MeV electrons. 

Loneitudinal Strain of Material under Hydrostatic Pressure 

The hydrostatic pressure dependence of the longitudinal strain of an unstretcl 
copolymer film, irradiated at 95 °C with 60 Mrad dose using 2.55 MeV electrons, is 
Fig. 2. The pressure range applied here is limited by the experimental set-up. Eve 
pressure, the material can still produce the high strain response. With regard to th 
between the strain response and pressure, it is found that the strain does not change i 
the pressure at low driving electric field and that the strain response shows an increas 
pressure at high electric field. 

e 

e 
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S   0.5 ■o a 
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0.0 

70MV/m 

60 MV/m 

50MV/m_ 

40 MV/m 
.—.    II I. —iQ ii_  , 

20 MV/m 

80 40 
Atmosphere Electric Field (MV/m) 

Fig. 2. (a). Longitudinal strain vs. electric field of film under different hydrost: 
pressures, (b). Longitudinal strain vs. hydrostatic pressure for the material un 
different electric fields. The electric field was 1 Hz sine wave. 
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iverse oirain oi atreicnea fiim under uniaxial i ensile 

le transverse strain along stretch direction of a stretched 65/35 copolymer film, irradiated at 
with 60Mrad dose using 2.55 MeV electrons, under different tensile loads along the stretch 
on is shown in Fig. 3. It was found that the film broke down after working at the tensile 
of 45 MPa for a while. That is, the elastic strength of the film is about 45 MPa which is 
irable to that of commercial nylon. Even at the tensile stress of 45 MPa, the film still 
ts a very large strain response. These results indicate that the materials smdied here have a 
5ad capability. This is a great advantage of the irradiated copolymer over the other EAP. 
ita in Fig. 3 clearly shows that the transverse strain response increases with tensile stress at 
jinning and then decreases with the stress. There is a tensile stress (SM) at which the strain 
ts a maximum for the film under a constant electric field. This tensile stress, SM, is strongly 
lent on the electric field. The higher the electric field, the lower SM- 

1.5 

1.0 

0.5 

0.0 

-0.18 MPa 
-3MPa 
•8.2 MPa 
-21MPa 
■29 MPa 
■44.8 MPa 

20 40 0 20 40 

Tensile Stress (MPa) Electric Field (MV/m) 

3. (a). Transverse strain amplitude vs. tensile for the film under different 
electric fields, (b). Transverse strain amplitude vs. electric field amplimde for the 
film under different tensile. The electric field is 1 Hz since wave. 

Fig. 

irature Dependence of Strain Response 

jrder to understand the stress dependence of the electric field induced strain response and 
rmine the working temperature range for the material, the temperature dependence of the 
esponse was measured. Two typical results are shown in Fig. 4. In both longitudinal and 
rse strain measurements, the temperature range used in this investigation was limited by 
up. 
m the data in Fig. 4(b) one can see that the strain response decreases with increasmg 
ature beginning at RT. When decreasing the temperamre, the strain response increases at 
ginning and then decreases. There is a temperature {T„) at which the strain response 
s a maximum for the film under a constant electric field. It seems that the Tm increases 
• with the electric field. The data in Fig. 4(a) show a similar behavior. However, since the 
it temperatures lower than RT can't be measured, the Tm can't be determined here, 
er, the trend is similar to that in Fig. 4(b). 
! temperature dependence of the electric field induced strain reported here can be easily 
ood by considering the fact that the irradiated copolymer is relaxor ferroelectrics [5], [9], 
or relaxor ferroelectrics, the electric field induced strain is related to the electric field 
i breathing of the polar regions [11], [12]. At high temperamres, the concentration of the 
;gion increases with decreasing temperature. The electric field induced strain therefore 
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iucici»c!> wiiu ucuicasiiig leiiiperaiure. At low lemperatures, a ireezmg ot the pola 
happens. With decreasing temperature, an increased amount of the frozen polar regions i 
the decrease of the electric field induced strain response. Therefore, the Tm is relate 
freezing process of the polar regions. However, the electric field has some influenci 
freezing process of the polar region. That is why the strain maximum temperature 
slightly with the driving electric field. 
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Fig. 4. Temperature dependence of the strain response for the films under ; 
constant electric field, (a). Longitudinal strain of the film characterized in Fig. 2 
(b) Transverse strain of the film studied in Fig. 3. 

Relationship Between Stress EflTect and Temperature Effect 

For unirradiated copolymers, there is a Curie temperature, at temperatures below w 
material is the ferroelectric phase. After irradiation, the material is transferred from a 
ferroelectric to a relaxor ferroelectric. Although the relaxor ferroelectric does not ha\ 
temperature, there are polar regions whose behavior is very similar to ferroelectrics. Thus 
discuss approximately the relaxor ferroelectric using the Devonshire phenomenological t; 
the ferroelectric. For a normal ferroelectric, the Curie temperature changes with external: 
following [9], [13]: 

AT = 2eoCQi3Xj (1) 

Where AT is the change of Curie temperature corresponding to the stress {Xj). Both C anc 
the material properties, the Curie-Weiss constant and the electrostrictive coefficients, e 
vacuum permittivity. For the material under a hydrostatic pressure (negative stress), th 
and Q in Eq. (1) are the pressure and Qh(=Q33+Qis+Q23) respectively. For the ir 
copolymer studied here, it has been reported that Qi3>0. Q33<0, and Qi,= <0 [6]. Thus, 
the hydrostatic pressure and the uniaxial tensile stress (positive stress), the Curie tem] 
increase with increase pressure or tensile. 

Now we discuss the stress effect on the strain for the material shown in Fig. 3 at a c 
electric field. With an increasing tensile stress, the T,„ shifts toward RT, at first due to 7 
lower than RT. This will result in the strain response of the material at RT increasing wit! 
stress at the beginning. If the tensile stress increases further, the T,„ will be higher than RT 
case, the increase of tensile stress will result in the T„ deviating away from RT. Thus, the 
field induced strain response of the film at RT will decrease with increasing tensile stress 
observations are consistent with the experimental data shown in Fig. 3(a). 
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When the electric field changes, as shown in Fig. 4, the !„ increases with increasing tensile 
stress. In a stress free condition, the higher the electric filed, the closer the Tm is to RT. 
Therefore, the higher the electric field, the lower the stress needed to shift the T„ to RT. That is, 
the higher the electric field, the smaller the SM- This is consistent with the data shown in Fig. 
3(a). ^ 

All the above discussions indicate that the Devonshire theory can be used to explain the 
stress effect on the strain response of the irradiated copolymer fihns studied here. The 
consistence of these results confirms again that: 1) the ferroelectric nature of the irradiated 
copolymer studied here; 2) the strain response is mainly from the electric field induced phase 
transition of the local polar region. 

SUIVEVIARY 

In summary, high energy (MeV) electron irradiated P(VDF-TrFE) copolymer films have very 
large electric field induced strain response (about 5% longitudinal strain and more than 3% 
transverse strain). Compared to die other electroactive materials, a great advantage of the 
irradiated copolymers is that the material has a very high volume strain, which makes die 
material very well suitable for hydrostatic applications. The strain response of the material under 
different stress conditions shows that the irradiated copolymer films have very high load 
capability. The temperature dependence of the strain response was presented. The relationship 
between the stress dependence and temperature dependence of the strain responses is discussed 
with the Devonshire phenomenological theory. The consistence between the Devonshire theory 
and experimental data indicates that the strain response obtained in the irradiated copolymer 
originates from the electric field induced phase transition of the local polar regions. 
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P(VDF-TrFE)-based Electrostrictive Co/Ter-polymers and its Device 
Performance 
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ABSTRACT 

In our earlier work, we have demonstrated that the high-energy electron irradiation modifies (VDF-TrFE) 
copolymers from a normal ferroelectric to a relaxor ferroelectric with high electromechanical response. Here, we 
present two approaches we are taking recently. One is to explore the non-utadiation approach to modify the 
PVDF-based material to achieve high electromechanical response. A ter-monomer (HFP and CTFE are used here) 
with a relative large size is added to the copolymer to act as modifiers. The electromechanical and dielectric 
properties in the teipolymers seem to be similar to those in irradiated copolymers. The other approach addresses 
the fimdamental issue of the low dielectric constant in the currently available electroactive polymers. By making 
use of composite approach and ultra-high dielectric constant in CuPc, a polymeric composite with very high 
dielectric constant but the elastic modulus similar to polymer has been demonstrated. The preliminary results 
indicate that the polymer composite has the potential to generate high strain under much lower field. In parallel to 
the material development, we investigated device performance based on the irradiated copolymers. The 
performance of irradiated copolymer multilayers with a thickness up to 1 mm was characterized. The design and 
device performance of a flextensional actuator fabricated from the uradiated copolymer multiplayer are presented. 
The flextensional actuator, whose resonance frequency is at a frequency of a few kHz to more than 10 kHz, 
exhibits more than 1 mm displacement and high force output, which are attractive for many applications. 

Keywords:    P(VDF-TrFE),   PVDF-based   Teipolymer,    Composite,   Electroactive   Polymer,   Actuator, 
Electrostriction, Maxwell Stress 

1. INTRODUCTION 

The research on various ElectroActive Polymers (EAP) is very active recently since recent results show that the EAP is 
a very promise material for many applications [1~3]. Compared to ceramics, EAP exhibits high electric induced strain and 
high elastic energy. In addition, flexible EAP has many advantages over brittle ceramics for many applications. In an effort 
to develop high performance EAP, we discovered a few years ago that high-energy electron irradiation transforms P(VDF- 
TrFE) copolymer from a normal ferroelectric to relaxor ferroelectrics and that the irradiated copolymer exhibits massive 
strain response and high elastic energy density [4~6]. In the following years, we carried out the characterization of various 
properties in the irradiated copolymers, which shows the irradiated copolymers possess high load capability, high strain 
response at high frequency up to 100 kHz, high electromechanical coupling factor, et al [4~13]. In this paper, we will first 
briefly summarize the results obtained in the irradiated copolymer. From the stmcture studies, it has been shown that the 
irradiation introduces defects structures which dismpt the polarization coherence, alter the energy balance among different 
molecular conformations, and as a result, lead to the significant modification of the phase transformation behavior between 
the polar phase and non-polar phase. Hence, it is reasonable to ask whether there is non-irradiation approach to introduce the 
similar defects in copolymer and to achieve high electromechanical performance. In this paper, we will present the 

♦Corresponding author: Fax: (814)-863-7846, E-mail: zxc7(S!psu.edu. qxzl@psu.edu. 
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preliminary results obtained in teipolymers, such as P(VDF-TrFE-HFP) and P(VDF-TrFE-CTFE). The results show that, by 
means of introducing a ter-monomer with a relative bulky size into F(VDF-TrFE) copolymer, the terpolymer exhibits similar 
dielectric and electromechanical properties as those observed in the irradiated copolymers. 

One of the challenges in developing new electroactive polymers is how to significantly reduce the driving electric field. 
From the energy conservation point of view, it is clear that to achieve that, one has to significantly raise the dielectric 
constant of the polymer system since the input electric energy density is equal to KEOEVI, where K is the dielectric constant, 
E is the applied field, and eo is a constant (8.85x10'" F/m), and the output mechanical energy density is less than and should 
be proportional to the input electric energy density. To address tiiis fundamental issue, we investigated the polymer 
composite with high dielectric constant which is still flexible with the elastic modulus in the range of normal polymers. 
Some of the results will be presented in this paper. 

From application point of view, it is interesting to know the material performance in actual device condition. In this 
paper, we will also address the electromechanical performance of the irradiated copolymers in actual device condition by 
using the irradiated copolymer multiplayer to fabricate a flextensional transducer. Multilayers with a thickness up to 1 mm 
were fabricated and characterized. The displacement and resonance behavior of the transducer are presented. 

2. HIGH ENERGY ELECTRON mRADIATED P(VI)F-TrFE) COPOLYMERS 
P(VDF-TrFE) copolymer powders were purchased from Solvay and Cie, Bruxelles, Belgium. The compositions used 

are 50/50, 65/35 and 68/32 mol%. Two kinds of films, stretched and unstretched films, were investigated. The electron 
irradiation was carried out in a nitrogen atmosphere at different temperatures with an electron energy of 2.55 MeV, 1.2 MeV, 
and 1.0 MeV respectively. Gold electrodes with a thickness of about 40 nm were sputtered on both surfaces of the film in 
order to characterize the material properties. The details about the film preparation and strain measurements can be found in 
our earlier publications [10]. The material properties of irradiated copolymer films are summarized in the following. 

to 
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Fig. 1. (a) Amplitude of longitadinal 
strain response vs. amplitude of electric 
field at 1 Hz. All the films wiere 
irradiated using 2.55 MeV electrons. 
Curves al and a2 are unstretched 65/35 
and 50/50 respectively, while curves a3 
and a4 are stretched 65/35 and 50/50 
respectively. 
(b). Longitudinal strain response vs. 
electric field at IHz for unstretched 
68/32 film. The fihns were irradiated 
usine 1.0 MeV electrons. 

The data shown in Fig. I are the electrostrictive strain along fibn thickness (Longitudinal strain, Sj) in both unstretched 
and stretched films. The electrostrictive strain in the plane of the film (Transverse strain) is shown in Fig. 2. Where, S, and S2 
are the strain along and perpendicular to the fihn stretched direction, respectively. Clearly, the material exhibits a large strain 
with small hysteresis. The longitudinal strain in both stretched and unstretched films is negative, while the transverse strain 
strongly depends on the stretching direction. For unstretched film, the transverse strain is positive and about one third of 
absolute value of longitudinal stram. For stretched film, S, is positive and Sj is negative, and IS3l»|S,| and |S3|«3|S2|. In both 
unstretched and stretched fihns, the volume strain calculated based on longitudinal and transverse strains can reach more 
than 1 %, which is much higher than other electroactive materials, such piezoceramics and dielectric elastomers. 

The load capability of irradiated copolymer films was investigated in two conditions: film under hydrostatic pressure and 
uniaxial stress. In the fonner case, the longitudinal strain was studied. For the latter case, the transverse strain was studied, 
which are presented in Fig. 3(a), The results in both cases indicate the fihn possesses high load capability. Initially, the 
transverse strain response increases with tensile stress. The strain response in film under about 20 MPa tensile stress is 
almost double of the value obtained in film under stress fi-ee condition. The film under 40 MPa stress exhibits the same strain 
response as the film under stress firee condition. The phenomenon is related to the ferroelectric nature in the material. 

Proc. SPIE Vol. 4329 107 



Fig. 2. Amplitude of transverse strain vs. 
amplitude of electric field for stretched 
films, (a) Strain along stretching direction. 
Curves bl and b2 are 65/35 films 
irradiated using 1.0 MeV and 2.55 MeV 
respectively. Curves b3 and b4 are 68/32 
films irradiated using 1.2 MeV electrons. 
(b). Strain along stretching direction and 
strain perpendicular to stretching direction 
respectively. 
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The frequency dependence of the strain response was characterized. A set of data are shown in Fig. 3(b). Although the 
strain response decreases with frequency, the reduction is not significant. In addition, the higher the temperature is, the 
smaller the reduction is. The data clearly demonstrate that the irradiated copolymer films studied here also exhibit large 
strains at high frequencies. 
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Fig. 3. (a). Transverse strain (S,) amplitude vs. tensile stress for stretched 65/35 film under different 
electric field of 1 Hz. The film was irradiated with 2.55 MeV electrons, (b). Frequency dependence of 
longitudinal strain (S3) for unstretched 68/32 film under an electric field of 20 MV/m. The film was irradiated 
with 1.0 MeV electrons, (c). Temperature dependence of longitudinal strain for 68/32 film under a constant 
electric field. The film was irradiated with l.OMeV electrons. 

The temperature dependence of strain response was studied and the results for longitudinal strain are presented in Fig. 
3(c). The data indicate diat the irradiated copolymer is capable of generating high strain over a relatively broad temperature 
range. 

All these results demonstrate that the irradiated P(VDF-TrFE) copol)mier is a promising EAP for various actuator and 
transducer applications. For these applications, the electromechanical coupling factor, which measures the efficiency of the 
material in converting energy between the electric and mechanical forms, is another important property. Both the 
longitudinal electromechanical coupling factor (kj^) and transverse electromechanical coupling factor (kji) were examined at 
temperatures around room temperature. The results are shown in Fig. 4. The electromechanical coupling factors obtained 
here are higher than those achieved in piezoelectric P(VDF-TrFE) copolymers. More remarkably, k3, of 0.45 is even higher 
than that in piezoelectric ceramics. Therefore, the irradiated P(VDF-TrF£) copolymers also possess high electromechanical 
coupling factors. 

In an electrostrictive material, an effective piezoelectric state can be induced by means of applying a DC bias field [14]. 
The apparent piezoelectric constant was measured in both longitudinal and transverse directions for films under different DC 
bias fields. It is found that the irradiated copolymers exhibit a high effective piezoelectric constant. For example, the 
longitudinal piezoelectric constant d33 can reach more than -380 pm/V, while the transverse piezoelectric constant d3, can be 
higher than 300 pm/V. These values are much higher than these obtained in piezoelectric P(VDF-TrFE) copolymers (dj3=-30 
pm/V and d3,=20 pm/V). 
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Fig.4. (a) Longitudinal electromechanical 
coupling factor k33 vs. electric field at IHz 
for imstretched 68/32 film irradiated using 
l.OMeV electrons. 
(b). Transverse electromechanical coupling 
factor kj, vs electric field at 1 Hz for 
stretched 68/32 film along stretching 
direction. The film was irradiated with 1.2 
MeV electrons. 

In the DC field biased effective piezoelectric state, one can make use of the resonance method to characterize the 
electromechanical coupling factors as recommended by IEEE. A typical resonance curve of irradiated copolymer film under 
DC bias is shown in Fig. 5(a). A clear electromechanical resonance peak can be observed at a frequency about 40 kHz. "With 
increase the DC bias field, the electromechanical resonance becomes stronger as expected. Using the resonance data, the 
electromechanical coupling factor, which is shown in Fig. 5(b), was obtained. The comparison of the data in Fig. 5(b) which 
is taken at about 40 kHz and Fig. 4(b) which is at 1 or 10 Hz reveals that the electromechanical coupling factor in irradiated 
copolymer films studied here is almost independent of frequency. In other words, the film exhibits a high electromechanical 
coupling factor at high frequencies. 

10 100        1000 
Frequency (kHZ) 

20       40       60 
DC Bias (MV/m) 

80 

Fig. 5. (a). Capacitance vs. frequency 
for stretched 68/32 film under 
different DC biases. The DC bias 
corresponding top curve to bottom 
curve increases from 0 to 75 MV/m. 
The AC signal is IVrms. The film was 
irradiated using 1.2 MeV electrons 
(b). Calculated electromechanical 
coupling factor k31 using resonance 
data vs. DC bias. 

For electroactive materials, the elastic energy density is used quite often to compare different materials for 
electromechanical actuator application. Therefore, the strain energy density and other related parameters for this new class of 
EAP are shown in Table I, and as a comparison, the data for the conventional piezoelectric P(VDF-TrFE), the piezoceramic 
and magnetostrictive materials are also included. In the table, both the volumetric energy density, which is YS^/2 and related 
to the device volume, and the gravimetric energy density, which is YSj/2pznd related to the device weight, are listed. S„ is 
the maximum strain level, p is density, and Y is the elastic modulus. In Table I, we also include another parameter, the 
blocking stress, which is the stress level generated under a given electric field when the strain of the sample is zero. For the 
data in the table, the maximum blocking stress has been approximated as YS„ (neglect the possible non-linear effect). 

The structural study on flie irradiated P(VDF-TrFE) copolymer indicates that the irradiation introduces "defects" in 
crystalline regions and that the "defects" substantially modify the energy balance among different conformations and phase 
transformation behavior in the material. That is. the "defects" structure transforms the P(VDF-TrFE) copolymer from a 
ferroelectric phase to a non-polar phase at room temperature and causes a diffused phase transformation process between the 
polar and non-polar phase which occurs in a broad temperature range. The observed electrostrictive strain in the irradiated 
copolymers originates from the electric field induced diffused phase transformation which is reversible [9]. It is not difficult 
to recognize that the high-energy electron irradiation is not the only means to alter the energy balance among different 
molecular conformations and introduce defects structure to disrupt the polarization coherence in PVDF based ferroelectric 
polymers. There exist other non-irradiation approaches to achieve the similar effects. The non-irradiation approaches will be 
discussed in the following section. 
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Table I. Comparison of electromechanical properties in different actuator materials at room temperature 

Materials Y 
(GPa) 

Typical 
s„ 

YSj/2 
(J/cm') 

YS„^/2p 
(J/kg) 

Stress 
(MPa) 

d33 
pmA^ 

d3. 
PmA^ 

k33 K3, 

Piezoceramic (PZT-5H) 64 0.2% 0.13 17 128 593 -274 0.75 0.39 
Magnetostrictor 100 0.2% 0.2 21.6 200 
PiezoP(VDF-TrFE) 4 0.15% 0.0045 2.5 6 -30 10 0.23 0.1 
Electrostrictive 
P(VDF-TrFH) 

S3 0.4 -5.0% 0.5 267 20 -380 0.30 
s, 1.0 4.3% 0.92 492 43 300 0.45 

Maxwell stress 
Polvurethane 

0.017 11% 0.1 100 1.9 

NewlyDeveloped 
terpolymesr 
PfVDF-TrFE-HFP) -2% 
PfVDF-TrFE-CTFE). S, -0.4 -4% 0.32 160 16 

s, 3% 

3. P(VDF-TrFE)-BASED TERPOLYMERS AND ITS ELECTROMECHANICAL RESPONSE 

For P(VDF-TrFE), it is well known that the inter-chain spacing in the ferroelectric phase (P-phase with all-trans 
conformation) is smaller than that in the paraelectric phase which has a mixture of TGTG and TTTGTTTG conformations 
[15]. Therefore, by randomly introducing a bulkier monomer into the copolymer, one maybe able to achieve the similar 
effect, that is, to expand the inter-chain spacing to lower the energy of TGTG and TTTGTTTG conformations with respect 
to the TTTT conformation and to disrupt the polarization coherence to eliminate the polarization hysteresis. In addition, to 
maximize the effect, the bulkier monomer should also be able to co-crystallize with the VDF and TrFE. In Table II, several 
commercially available fluoromonomers are listed. Considering that the van der Waals (vdW) radii of the hydrogen, fluorine, 
and chlorine atoms is 1.2 A, 1.35 A, and 1.8 A, respectively, HFP and CTFE were chosen for the study: P(VDF-TrFE-HFP) 
and P(VDF-TrFE-CTFE). The composition of the teipolymer is labeled as x/(l-x)/y for VDF,-TrFE,.,-Qy, where the mole 
ratio of VDF/TrFE is x/l-x and the y is the mol% of Q (IffP or CTFE) in the terpolymers. 

Table II. Commercially Available Fluoromonomers 

Abbreviation Monomer Structure 

Vinyl fluoride VF 
Vinylidene fluoride VDF 
Trifluoroethylene TrFE 
Tetrafluoroethylene TFE 
Chlorotrifluoroethylene CTFE 
Hexafluoropropylene HFP 

CH2=CHF 
CH2=CF2 
CHF=CFj 
CF2=CF2 
CF2=CFC1 
CF2=CF-CF3 

Perfluoro(Methyl vinyl ether)     PMVE CF,=CF-0-CF, 

The polarization hysteresis loop of the terpolymers was characterized and the data from PCVDF-TrFE-CTFE) is shown 
in Fig. 6(a). In comparison, the data from 1.2 MeV electron irradiated P(VDF-TrFE) 68/32 copolymer is shown in Fig. 6(b). 
Clearly, two sets of data show very similar results. The slim polarization hysteresis loop indicates that the tetpolymer is 
electrostrictive. 

Although the data from the teipolymer P(VDF-TrFE-CTFE) shows promising results such as relatively high strain 
response and slim room temperature polarization hysteresis loop, the teipolymer based on HFP still exhibits relatively large 
room temperature hysteresis and the strain level is not very high (~2%). The reason behind this difference is that HFP seems 
not to be able to co-crystallize with VDF and TrFE and as a result, it can't impose effective influence on the molecular 
conformations and polar ordering in the crystalline phase. Hence, in the following, only the results from PCVDF-TrFE- 
CTFE) terpolymers will be presented. 
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Fig.  6. Polarization hysteresis loop 
measured at room temperature using a 
triangle wave of 10 Hz with amplitude 
of 50 MV/m,  100 MV/m, and 150 
MV/m respectively. 
(a). Unstretched P(VDF-TrFE-CTFE) 
terpolymer  with   a  composition  of 
65/35/10 mol%. 
(b).        Stretched        P(VDF-TrFE) 
copolymer irradiated with 1.2 MeV 
electrons. 

Presented in Fig. 7 is the longitudinal strain response from P(VDF-TrFE-CTFE) terpolymers. In analogy to the 
irradiated copolymer, the electrostrictive terpolymer e?diibits a negatively longitudinal strain and the strain level can be 
compared with that observed in irradiated copolymers. The transverse strain response in the P(VDF-TrFE-CTFE) 
terpolymers was also characterized. The data shown in Fig. 8 is from the stretched P(VDF-TrFE-CTFE) at 70/30/10 
composition. About 3% transverse strain can be achieved in this terpolymer under a field of 150 MV/m, which is smaller 
than that in the irradiated copolymers. 

Since there are much more variables in chemical methods than the irradiation approach, it is quite possible to find a 
terpolymer with much better electromechanical properties than the irradiated copolymers. Clearly, this is an area which will 
be further investigated. 

50 100 
Electric FieId(MV/m) 

150 

Fig. 7. Amplitude of longitudinal strain vs. amplitude of 
electric field at 1 Hz at room temperature for P(VDF- 
TrFE-CTFE) teipolymers. A: Unstretched 65/35/10, 
B: Unstretched 70/30/10, C: Stretched 70/30/10. 

50        100        150 
Electric Field (MV/m) 

Fig. 8. Amplitude of transverse strain along stretching 
direction vs. amplitude of electric field at 1 Hz at 
room temperature for stretched P(VDF-TrFE-CTFE) 
70/30/10 terpolymer. 

One of the advantages of the irradiated copolymer is its high dielectric constant at temperatures near room 
temperature. The dielectric behavior of terpolymers was examined and the data taken from 65/30/10 terpolymer is shown 
in Fig. 9(a). For the comparison, the data from the irradiated 68/32 copolymers are shown in Fig. 9(b). Clearly, the 
terpolymer exhibits a similar dielectric behavior as irradiated P(VDF-TrFE) copolymer. We also fmd that the relation 
between frequency and dielectric maximum temperature in the terpolymer can be fitted well with Vogel-Fulcher 
relationship. The data in Fig. 9(a) combined with the data in Fig. 6(a) strongly suggest that the electrostrictive terpolymer 
studied here is a relaxor ferroelectric, an important kind of functional materials. 

4. ELECTROACTIVE POLYMERIC COMPOSITES 

Electrostatic force has been used for electromechanical actuation for many decades. However, only very recent, this 
force, the Maxwell stress, is made use of to generate large field induced strain in soft dielectric polymers. In the last several 
years, many dielectric elastomers have been examined by SRI and very large strain response has been observed in some of 
these elastomers [16]. However, in these elastomers the Young's modulus is quite low, a few MPa to a few tens MPa, which 
are not desirable for most of the device applications. 
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Fig. 9. Temperature dependence 
of dielectric constant at different 
frequencies. Curves from top to 
bottom correspond to lOOHz, 
IkHz. lOkHz, 100 kHz. and 1 
MHz respectively, 
(a). P(VDF-TrFE-CTFE) 

65/35/10 
(b). P(VpF-TrFE) 68/32 

irradiated using 1.2 MeV. 

For a Maxwell stress induced strain response, it is well known that the strain response (Sj) is proportional to the ratio of 
the dielectric constant (s) and Young's modulus (Y). That is, 

Siccs/Y (1) 

and the elastic energy density is proportional to the £ JY. Thus, in order to increase the Young's modulus of the elastomer 
while keeping the high strain response, the dielectric constant must be increased. For example, if both dielectric constant and 
Young's modulus were increased by 1000 time, the material will maintain the strain level, while the elastic energy density 
can be increased by 1000 times. In other words, an important approach to improve die electromechanical performance in 
elastomers is to significantly increase the dielectric constant. Unfortunately, the dielectric constant in most of dielectric 
elastomers is quite low (<10). 

In fact, this is a fundamental issue in electric field driven EPA to achieve high elastic energy density. Since the elastic 
energy density is limited by the input electric energy density, which is equal to EEV2, a low dielectric constant in the electric 
field driven EAP means that to raise the input electric energy density, a high applied field E is required. For practical 
applications, it is highly desirable to have a low operation field. The irradiated P(VDF-TrFE) copolymers and the PVDF 
based terpolymers possess a room temperature dielectric constant >50, which is the highest among all known polymers, but 
is still substantially lower than those in inorganic electroactive materials. 
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Fig. 10. Dielectric properties at 
weak    electric    field    for   a 
polymeric composite with 55 
%vrt CuPc. 
(a). Frequency dependence at 
room temperature. 
(b). Temperature dependence at 
lOOHz, IkHz, 10kHz,and 
100 kHz, respectively. 
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In should be noted that some organic materials do possess high dielectric constant. For example, metallophthalocyanine 
oligomer, such as copper-phthalocyanine (CuPc), has a room temperature dielectric constant more than 1000 at 100 Hz. 
However, the dielectric loss in this material is also high. The challenge here is how to maintain the high dielectric constant 
widi loss dielectric loss. In order to do so, a composite approach was investigated. The P(VDF-TrFE) 50/50 mol% 
copolymer was used as matrix while CuPC oligomer serves as active part. 

The CuPc oligomer with a particle size about l^un was synthesized by means of solution method [17]. The composite 
film was prepared by solution cast method. P(VDF-TrFE) copolymer was fu:st dissolved in DMF and then CuPc powder was 
added into the solution. The solution was stirred for 12 hrs at room temperature before pouring onto glass plate. For a 
composite film with 55 wt% CuPc, the Young's modulus is 1.2 GPa and is quite flexible. 
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The composites with different concentration of CuPc were studied. It is found that the composite with 55% wt CuPc 
exhibits a high dielectric constant with a relative small dielectric loss as shown in Fig. 10. 

The longitudinal strain response in the composite was examined at room temperature. It is found that the strain response 
is approximately equal to the square of the electric field. The film exhibits a longitudinal strain of-0.3% at an electric field of 
1 MV/m at IHz. which is much higher than the strain level found in other field driven EAPs at the same field level. By 
extrapolation, one would expect a strain of-30% under a field of 10 MV/m which will be a very attractive EAP for a broad 
range of applications. We are currently working on the composites to raise the breakdown field of the composites. 

5. DEVICE PERFROMANCE OF IRRADIATED P(VDF-TrFE) COPOLYMERS 

From the results presented, it is clear that to make use of those electroactive polymers for practical device applications, a 
multilayer configuration is required to significantly reduce the drivmg voltage. For polymers, it is not difficult to produce 
films in the thickness range ftom 5 \im and up. For the devices investigated here, P(VDF-TrFE) copolymer films in the 
thickness range from 15 nm to 30 ^xm have been fabricated and multilayer stacks in the thickness up to several mm have 
been made out of those films. In those multilayer stacks, Spurr epoxy has been used as glue layer and the average glue layer 
thickness is at about 1 nm. In order to evaluate the electromechanical response of the multilayer stacks, the dielectric 
property, strain response, and electromechanical resonance at DC field biased state were characterized and the results 
indicate that the effect of the glue layers on the performance of multilayer stacks is very small. For example, the transverse 
strain along stretching direction of a 4-layer stack is shown in Fig. 11, which is very close to that of te single layer. 

Fig.ll. Amplitude of transverse strain along stretching direction in 4- 
layer multilayer stack vs. amplitude of electric field at room 
temperature. The stack was fabricated from stretched 68/32 copolymer 
fihns, which were irradiated using 1.2 MeV electrons. The thickness of 
each copolymer layer is about 20 \an. The electrode area on each 
polymer layer is 30 mm long along stretching direction and 10 mm wide 
in the other direction. There is a non-electrode area with a width of 1 
mm on two sides. 
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Electric Field (MV/m) 

In order to fully use the advantages of irradiated P(VDF-TrFE) copolymer films, a flextensional transducer is developed. 
The configuration of the transducer is shown in Fig. 12. The active part in this transducer is the active polymer multilayer 
made from the stretched electrostrictive P(VDF-TrFE) copolymer films. The passive element is two metal benders 
(flextensional element) on two sides of the polymeric multilayer stack. At static condition, the metal benders exert a tensile 
stress on the polymeric multilayer along the film stretched direction. When an electric field is applied onto the multilayer 
stack, the multilayer expands ^L along stretching direction. This expansion results in an amplified displacement (m) at 
middle point of the bender. 

Polymeric Multilayer Metal Bender 

tretching dh-ection 

Fig. 12. Configuration of flextensional transducer. 

Assuming the shape of the metal bender is an arc, we can obtain the relationship between 5H and 8L which depends on 
the length (L) of multiplayer stack along the film stretched direction and arc length (A) of the metal bender as following. 
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5L 
2tg-*X- 

2 X+(X2-I)tg-^X 

X      2Y-(X^-1) 

2 (1 + Y)(X2+1)-2Y 

(2) 

1.00 1.04 

where X=2h/L, Y=A/L, h is the height of the arc (that is, the height of middle 
point in metal bender). 

Using Eq. (2), the relation between dH/SL and A/L is plotted in Fig. 13, 
which indicates that the shorter the metal bender is, the large the amplifymg 
ratio is. However, when the metal bender length becomes shorter, the 
displacement range ^ will also become smaller. Therefore, there is a balance 
between the amplification of the displacement and the displacement range, 
which depends on applications. 

Flextensional transducers based on this design were fabricated. The typical 
EAP multilayer is a irradiated P(VDF-TrFE) copolymer stack with 1 mm 
thickness (fabricated from 30 layers of stretched and irradiated copolymer films. The thickness of each film is about 30 ^im). 
The electrode area on both sides of each irradiated copolymer layer is 22x22 mm^. The size of multilayer is 30 mm along the 
actuation direction and 25 mm width perpendicular to it. 

1.02 
Y(X)=A/L 

Fig. 13. Displacement ratio of 8H to 8L 
vs. ratio of metal bender length (A) to 
multilayer length (L). The curve is 
calculated using Eq. (2). 
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Fig. 14. Frequency dependence of capacitance 
for an irradiated copolymer multilayer with a 
thickness of 1mm under DC bias. 
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Fig. 15. Normalized displacement at different points on 
metal bender along stretching direction for the cymbal 
transducer under a constant electric field. 

The electromechanical performance of the 1 mm thick multilayer stack was first characterized. As shown in Fig. 14, the 
curve labeled as "firee condition VDC=500 V", corresponds to the resonance curve of the multilayer stack under a DC bias 
voltage of 500 V (17 MV/m field on each layer). The AC single applied is 1 V. A clear resonance peak was observed at a 
fi'equency about 17 kHz, which corresponds to an acoustic velocity of 1000 m/s in the polymeric multilayer stack along the 
actuation direction (the film stretched direction). As has been discussed in Section 2, the electi-omechanical coupling factor in 
irradiated P(VDF-TrFE) copolymer films increases with DC electric bias field. With increased DC bias field, the resonance 
peak in Fig. 14 for the multilayer stack will become stronger. 

The curve, "cymbal VDC=1000V", in Fig. 14 corresponds to the resonance behavior of the flextensional transducer in 
which the metal benders are spring steel with a thickness of 0.127 mm and width of 26.5 mm. Clearly, there are two 
resonance peaks at lower frequency (~2 kHz) and a resonance peak at higher frequency (~18 kHz) close to the resonance 
frequency of free-standing multilayer stack. The resonance at higher frequency originates fi'om the resonance of the 
multilayer stack itself. Two resonance peaks at lower frequency corresponds to the mechanical resonance of each metal 
bender due to a small difference between two metal benders. If two unidentifiable metal benders used here, these peaks will 
merge into one, which can be adjusted to different fi-equency position by using different metal bender (elastic constant and 
thickness) as well as varying the thickness of the multilayer stack. 
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The displacement profile of the metal bender was characterized and the data is shown in Fig. 15. The shape in Fig. 15 
matches well with that predicted by the elastic model which was used to derive Eq. (2). 

The electric field dependence of the displacement at middle point of metal bender was measured when electric field at 
0.5 Hz was applied to the multilayer stack. The electric field dependence of the displacement is shown in Fig. 16. 

8H/8L=1.8 
Fig.   16.  Electric  field dependence  of cymbal 
displacement (displacement at middle point of metal 
bender). Two curves correspond to the cymbal with 
different metal benders. 
The solid dots are the experimental data. 
The solid line was draw by eye. 
The dot line was extrapolated the experimental data 
using  the  electric  field  dependence   of strain 
response in irradiated copoljmier films. 
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The data in Fig. 16 demonstrate that the flextensional transducer fabricated from the irradiated copolymer films exhibits 
very large displacement. The load capability of the cymbal was also tested by means of applying a force up to 10 N at the 
middle point of the cymbal transducer. It is found ttiat the displacement increases slightly with force in the stress range 
investigated. This indicates the high load capability of cymbal studied here. 

6. SUMMARY 

The electromechanical properties of high-energy electron irradiated P(VDF-TrFE) copolymer are summarized in the 
paper. It has been shown that the irradiated copolymer films possess large strain response, high load capability, relative flat 
fi-equency response, and relative broad working temperature range. These properties result in the high elastic energy density, 
high electromechanical coupling factor, and high effective piezoelectric constants of the irradiated copolymer. A pure 
synthetic approach, in which third monomers such as CTFE, with a relatively bulky size were added, is introduced to modify 
the copolymers. The preliminary results in teipolymers of P(VDF-TrFE-HFP) and P(VDF-TrFE-CTFE) indicate that the 
terpolymer approach can produce a polymer with a slim polarization hysteresis loop, large electric field induced strain, and 
high dielectric constant at near room temperature. In addition, in an effort to explore new EAPs, a composite approach is 
introduced to significantly enhance the Maxwell stress effect. A polymeric composite, P(VDF-TrFE) 50/50 mol% copolymer 
widi copper-phthalocyanine (CuPc) oligomers, was developed. A dielectric constant more than 1000 with the elastic 
modulus at 1.2 GPa can be achieved in the composite which is very flexible. Large strain response can be observed at very 
low electric field in this composite. 

To evaluate the performance of the irradiated copolymers for practical device applications, a flextensional transducer 
was designed and fabricated. In this design, multilayer stacks made firom thin irradiated copolymer fihns were used as the 
driving element The experimental results show that multilayer exhibits electromechanical properties near those of the single 
layer. In addition, the flextensional transducer fabricated based on them exhibits a very large displacement with relative high 
load capability. 
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Abstract 

High energy electron (1.0-2.55 MeV) irradiation was used to modify the phase transitional behavior of poly(vinylidene fluoride- 
trifluoroethylene) (P(VDF-TrFE)) copolymers in an attempt to significantly improve the electromechanical properties of the copolymers. It 
is found that the copolymers under a proper irradiation treatment exhibit very little room temperature polarization hysteresis and very large 
electrostrictive strain (the longitudinal strain of —5% can be achieved). Because of the large anisotropy in the strain responses along and 
perpendicular to the polymer chain, the transverse strain can be tuned over a broad range by varying the film stretching condition. For 
unstretched films, the magnitude of transverse strain is approximately about/less than 1/3 of that of the longitudinal strain, and for stretched 
films, the transverse strain along the stretching direction is comparable to the longitudinal strain. In addition to the high strain response, the 
irradiated copolymers also possess high elastic energy density and mechanical load capability as indicated by the relatively high elastic 
modulus of the copolymer and the high strain response of the transverse strain even under 40 MPa tensile stress. The high strain and high 
elastic modulus of the irradiated copolymer also result in an improved electromechanical coupling factor where the transverse coupling 
factor of 0.45 has been observed. The frequency dependence of the strain response was also characterized up to near 100 kHz and the results 
show that the high electromechanical response can be maintained to high frequencies. Several unimorph actuators were fabricated using the 
modified copolymer and the test results demonstrate high performance of the devices due to the high strain and high load capability of the 
material. © 2001 Published by Elsevier Science B.V. 

Keywords: Actuator; Electrostriction; P(VDF-TrFE); Phase transformation; Irradiation 

1. Introduction 

Electroactive polymers (EAP), which change shape as an 
electric field is applied, can be used in many areas, such as 
artificial muscles and organs, smart materials for vibration 
and noise control, electromechanical actuators and sensors 
for robots, acoustic transducers used for underwater naviga- 
tion and medical imaging, and fluid pumps and valves 
[1-10]. The fijnction of the EAP in these applications is 
to perform energy conversion between the electrical and 
mechanical forms. Compared with piezoceramic and 
magnetostrictive actuator materials, polymers have many 
advantages, such as flexibility, easy processing, light weight, 
and low cost. Polymeric materials can also withstand a 
large dimensional change (strain) without fatigue and are 
quite robust. On the other hand, the traditional piezoelectric 
EAPs suffer low strain, low elastic energy density, and low 
electromechanical conversion efficiency, which limit their 

'Corresponding author. Tel.: +1-814-865-0146; fax: -1-1-814-863-7846. 
E-mail address: zxc7@psu.edu (Z.-Y. Cheng). 

applications in comparison with the piezoelectric ceramics 
[1,2]. Hence, one of the challenges in the development and 
utilization of EAPs for a wide range of applications is how 
to significantly increase and improve the electromechanical 
responses so that to achieve high strain capability, high 
elastic power density, and high electromechanical conver- 
sion efficiency. In recent years, there has been a great deal 
of effort put forth to explore different new approaches to 
improve the performance of existing polymers and/or to 
develop high performance polymers [3,6,11-13]. The recent 
work on high energy electron irradiated poly(vinylidene 
fluoride-trifluoroethylene) (P(VDF-TrFE)) copolymer, 
which exhibits very high electrostrictive strain with high 
elastic modulus and high load capability [11,14-16], is one 
of the advances made in this field. 

In order to provide understanding on the basic mechanism 
underlying the high electrostrictive responses in irradiated 
P(VDF-Trre) copolymers, in this paper, we will first review 
briefly several unique features associated with ferroelectric- 
paraelectric (F-P) phase transition, which can be made use 
of in developing high performance EAPs. Then, the electro- 
mechanical responses of this newly developed polymer will 

0924-4247/01/$ - see front matter © 2001 Published by Elsevier Science B.V. 
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be presented including the strain responses, electromecha- 
nical coupling factor, load capability, and frequency depen- 
dence behavior of the strain response. To demonstrate the 
performance of this class of material, several unimorph 
actuators were fabricated and test results will also be 
discussed. 

2. Ferroelectric-paraelectric phase transformation in 
P(VDF-TVFE) copolymers 

In this section, we will review several unique phenomena 
associated with F-P phase transformation, especially in 
P(VDF-TrFE) copolymers. In many polymeric materials, 
it is well known that there are large strain changes associated 
with transformation from one phase to another. For P(VDF- 
TrFE) copolymers, large lattice strains have been detected 
when the copolymer goes from the low-temperature (LT) 
ferroelectric phase to the high-temperature (HT) paraelectric 
phase. Presented in Fig. 1 is the X-ray data on the lattice 
strain along the polymer chain direction ((0 01) reflection) 
and perpendicular to the chain ((2 0 0,1 1 0) reflections) for 
the copolymer of 65/35 mol% [17]. As revealed by the data, 
for this copolymer there is a lattice strain of -10 and 7% in 
the crystalline phase along and perpendicular to the polymer 
chain, respectively, as the copolymer goes through the phase 
transition. Therefore, for a highly aligned copolymer with a 
high crystallinity (>50% crystallinity), these strains can be 
translated to large macroscopic strains. Indeed, a thermal 
strain of more than 6% has been observed on a 65/35 
copolymer when going through the phase transition [18]. 
In addition, for a ferroelectric polymer, the phase transfor- 
mation can be controlled by an external field (both electric 
and mechanical), and hence, it is expected that a high field 
induced strain can be achieved in P(VDF-TrFE) copolymer 
by exploiting the lattice strain at F-P transformation. 

Another interesting feature associated with the F-P tran- 
sition is that there is a possibility of a very large electro- 
mechanical coupling factor (* ~ 1) being obtained near a 
first order F-P transition temperature. As shown by an 
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Fig.  1. Lattice strains along (0 01) and (2 0 0,  11 0), respectively, 
obtained from X-ray data for P(VDF-TrFE) 65/35 mol% copolymer. 

Fig. 2. Electromechanical coupling factor fea) as a function of 
temperature for a material with a first order F-P phase transition under 
different do bias fields (£). The results are calculated based on Landau- 
Devonshire theory using the parameter obtained on BaTiOs. 

earlier study based on phenomenological theory, in a ferro- 
electric single crystal at temperatures above the transition 
where a polar-state can be induced by external dc bias fields, 
the coupling factor can approach 1 (near 100% energy 
conversion efficiency) [19]. That result is presented in 
Fig. 2 where the parameters used for the phenomenological 
formula are those from the ferroelectric BaTiOs single 
crystal, a typical ferroelectric material. This is a general 
result for the first order F-P phase transformation in spite of 
the fact that the curves in Fig. 2 are from the parameters of 
BaTiOa. For P(VDF-TrFE) copolymers, it has been shown 
that at compositions with VDF content >60%, the F-P 
transition is first order in nature [20]. The temperature range 
in which the electric field can induce the phase transition 
from non-polar to polar phases depends strongly on the 
material. For most of the inorganic ferroelectrics, this 
temperature range is relatively narrow. For instance, the 
range is about 8°C for BaTiOs (as approximately measured 
by the temperature range between F-P transition and critical 
temperature) [21]. For P(VDF-TrFE) copolymers, it has 
been found that this temperature range is relatively large 
as reported by a recent study on Langmuir-Blodgett film of 
P(VDF-TrFE) 70/30 mol%, where this temperature range is 
observed to be more than 50°C [22]. 

All these results indicate that one may be able to improve 
the electromechanical response of P(VDF-TrFE) copolymer 
significantly by operating the polymer near the F-P transi- 
tion. However, there are several issues associated with the 
first order F-P transition in P(VDF-TrFE) copolymer that 
have to be addressed. As has been shown in the phase 
diagram (Fig. 3), F-P transition in all P(VDF-TrFE) com- 
positions occurs at temperatures higher than room tempera- 
ture and the transition is relatively sharp (over a relatively 
narrow temperature range). In addition, large hysteresis has 
been observed for the copolymers at the first order F-P 
transition, which is a basic feamre for this type of transition. 
A large hysteresis is not desirable for practical applications. 
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Fig. 3. Phase diagram of P(VDF-TrFE) copolymer. Where T^ and T^ 
are the melting temperature and F-P phase transition temperatures, 
respectively. 

Therefore, to make use of the unique opportunities near the 
first order F-P transition in P(VDF-TrFE) copolymer sys- 
tems, the copolymer should be modified as to broaden the 
phase transition region, move it to room temperature, and 
minimize the hysteresis. 

3. Electromechanical properties of high energy electron 
irradiated FCVDr-lVFE) copolymer 

In polymeric materials, high energy electron irradiation 
has been widely used to modify polymer properties. In 
P(VDF-TrFE) copolymers, Lovinger found that by using 
high energy electron irradiation, the ferroelectric phase at 
room temperature can be converted into a macroscopically 
paraelectric like phase [23]. Subsequent studies by Odajima 
et al. and Daudin et al. also found that a sharp dielectric 
constant peak from the F-P transition can be broadened 
markedly and moved to near room temperature [24,25]. 
Inspired by these early results, we carried out investigations 
on the electromechanical response of high energy electron 
irradiated P(VDF-TrFE) copolymers and the results show 
that indeed, the polarization hysteresis can be eliminated and 
copolymer with very high electrostrictive responses can be 
achieved. 

3.1. Experimental 

The P(VDF-TrFE) copolymer powders with a weight 
averaged mean molecular weight of 200,000 were purchased 
from Solvay and Cie, Bruxelles, Belgium. Two types of 
films are used in this investigation, stretched and unstretched 
films. In unstretched films, the films prepared were annealed 
at 140°C for a time period between 12-14 h to improve the 
crystallinity. In stretched films, films made from solution 
cast or quenched from melt press were uniaxially stretched 
up to five times at a temperature between 25 and 50°C. 
Afterwards, these films were also annealed at 140°C for 
12-14 h to increase the crystallinity. The irradiation was 
carried out at nitrogen or argon atmosphere at different 
temperatures from room temperature to  120°C. Three 

electron energies were used in the irradiation: 1, 1.2, and 
2.55 MeV. It was found that among the electron energies 
used, the irradiation with lower electron energy yields better 
electromechanical performance in the copolymers. 

The elastic modulus of films was measured using a 
dynamic mechanical analyzer (TA Instrument, DMA model 
2980). Gold electrodes with a thickness of about 40 nm were 
sputtered on both surfaces of the film for the electric and 
electromechanical characterizations. The field induced long- 
itudinal strain was measured using a bimorph-based set-up 
[26]. The transverse strain was acquired using a newly 
developed set-up specially designed for flexible films 
[27]. An optical interferometer was applied to characterize 
the longitudinal strain response at high frequencies. An HP 
4194A impedance analyzer was used to characterize the 
resonance behavior of the films under dc electric bias field. 

Copolymers in the composition range with VDF content 
between 50 and 80 mol% were chosen for the investigation. 
In the experiment, it was found that there are two competing 
factors affecting the selection of the copolymers. On one 
hand, for copolymers in this composition range, the ferroe- 
lectricity becomes stronger with the VDF content as indi- 
cated by higher F-P transition temperature and increased 
coercive field for copolymers with higher VDF content. As a 
result, it becomes progressively more difficult to eliminate 
the polarization hysteresis and generate electrostrictive 
strain using the irradiation approach here for copolymers 
with high VDF content. In fact, for copolymers with VDF 
content higher than 70 mol%, it becomes very difficult to 
convert the copolymer into an electrostrictive material with 
small hysteresis at room temperature using the high energy 
electron irradiation [28]. On the other hand, the lattice 
strains associated F-P transition increase with the VDF 
content, implying a high induced strain response for copo- 
lymers with high VDF content [29]. As a compromise, 
therefore, in this paper, we focus on P(VDF-TrFE) copoly- 
mers with 65/35 and 68/32 mol% ratio. 

Presented in Fig. 4 are polarization loops measured at 
room temperature at 10 Hz for 65/35 unstretched copolymer 
film before and after irradiation. For the unirradiated film, a 
typical polarization hysteresis loop was observed due to the 
high nucleation barrier when switching polarization from 
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Fig. 4. Polarization loop for P(VDF-TrFE) 65/35 mol% film before and 
after irradiation. 
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the coherent macroscopic polar domains. After irradiation 
with 60 Mrad dose at 120°C, the polarization hysteresis is 
significantly reduced and the loop becomes quite slim due to 
the breaking up of macroscopic coherent polar domains to 
microscopic polar regions. The results indicate that the high 
energy irradiation is quite effective in eliminating the polar- 
ization hysteresis in these polymers. 

3.2. Electmstrictive strains and electromechanical 
coupling factors at low frequency 

Longitudinal strain (Ss), which is the thickness change of 
the film induced by applied electric fields, was characterized 
for films exhibiting slim polarization loops. Presented in 
Fig. 5(a) is the longitudinal strain measured for 65/35 mol% 

so 100        ISO 

E (MV/m) 

200 

Temperature (°C) 

Fig. 5. Amplitude of the longitudinal strain as a function of the amplitude 
of the electric field at 1 Hz: (a) strain measured at room temperature for the 
65/35 mol% copolymer films irradiated with 2.55 MeV electrons. Curves 
A and B correspond to the stretched film irradiated at 120°C with 80 Mrad 
dose and unstietched film irradiated at RT with 100 Mrad dose, 
respectively; (b) strain measured at different temperatures, which are 
indicated in figure, for unstrctched 68/32 mol% copolymer film irradiated 
at 105°C with 70 Mrad dose of 1.0 MeV electrons; and (c) the temperature 
dependence of the longitudinal strain amplitude for the film shown in (b) 
under a constant electric field of 150 MV/m. 

copolymers irradiated with 2.55 MeV electron at two irra- 
diation temperatures and doses, where the external electric 
field is at 1 Hz while the strain was measured at 2 Hz 
because of electrostrictive nature of the strain response. 
In this paper, the frequency cited is that of the external 
electric field. The data indicate that there is no significant 
difference in S3 between stretched and unstretched films. 
Shown in Fig. 5(b) is S3 for unstretched 68/32 mol% copo- 
lymer film irradiated at 105°C with 70 Mrad dose of 
1.0 MeV electrons. Apparently, a longitudinal strain S3 w 
-5% can be induced by an electric field of 150 MV/m in the 
film. The temperature dependence of the strain response for 
68/32 irradiated copolymer film (Fig. 5(b)) is summarized in 
Fig. 5(c), which shows that at a temperature range up to 
80°C, the field induced strain can remain nearly constant. 

It should be mentioned that the doses used for the data in 
Fig. 5 are the optimum doses required to produce the slim 
polarization loop and high electrostrictive strain in these 
polymer films. Lowering the dosage will result in a large 
hysteresis and increasing the dosage will cause a significant 
reduction of the electrostrictive strain in the films. 

In P(VDF-TrFE) copolymers, there exists large aniso- 
tropy in the strain responses along and perpendicular to the 
chain direction. Therefore, the transverse strain, which is 
associated with the length change of the film under an 
electric field, of the irradiated copolymers can be tuned 
over a large range by varying the film processing condition 
[15]. For unstretched films, the transverse strain is relatively 
small (approximately -M% level at ~ 100 MV/m) and in 
most of the films examined, the amplitude ratio between the 
transverse strain and longitudinal strain is less than 0.33. 
This feature is attractive for devices utilizing the longitu- 
dinal strain, such as ultrasonic transducers in the thickness 
mode, and actuators and sensors making use of the long- 
itudinal electromechanical responses of the material. For 
example, a very weak transverse electromechanical response 
in comparison with the longitudinal one can significantly 
reduce the influence of die lateral modes on the thickness 
resonance and improve the performance of the thickness 
transducer. 

On the other hand, for stretched films, a large transverse 
strain (Si) along the stretching direction can be achieved as 
shown in Fig. 6, where the transverse strain about -1-3.5% is 
observed in the irradiated copolymer under an electric field 
of 110 MV/m. It is also found diat for stretched films, the 
amplitude of the transverse strain along the stretching 
direction can be comparable with that of the longitudinal 
strain, while amplitude of the transverse strain in direction 
perpendicular to the stretching direction (S2) is much small 
(approximately -1% at 100 MV/m). 

It is interesting to note that for P(VDF-TrFE) copolymers, 
the sti-ain along the thickness direction (parallel to the 
electric field) is always negative regardless the sample 
processing condition. That is, the thickness is reduced as 
the field or polarization is raised. In fact, this is a general 
feature for a  system  in  which  polarization  response 
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Fig. 6. Amplitude of the transverse strain along stretching direction as a 
function of amplitude of the electric field at 1 Hz for stretched samples: (a) 
curves A, B, C, and D correspond to the strain measured at room 
temperature for copolymer films under different irradiation conditions, A: 
68/32 mol% film irradiated at 100°C with 65Mrad doses of 1.2 MeV 
electrons, B: 65/35 mol% film irradiated at 105°C with 70 Mrad dose of 
1.0 MeV electrons, C: 65/35 mol% film irradiated at 95°C with 60 Mrad 
dose of 2.55 MeV, and D: 65/35 mol% film irradiated at 77°C with 
80 Mrad dose of 2.55 MeV; (b) strain measured at dififerent temperatures, 
which are indicated in figure, for stretched 68/32 mol% copolymer film 
irradiated at 100°C with 70 Mrad dose of 1.2 MeV electrons. 

originates from the dipolar interaction and, therefore, is true 
for all the polymeric piezoelectric and electrostrictive 
responses [30,31]. For the strains perpendicular to the 
applied field direction, the sign of the strain will depend 
on the sample processing conditions. For an anisotropic 
sample, such as stretched films examined here, the electric 
induced strain along the stretching direction, which is 
perpendicular to the applied field, is positive, while in the 
direction perpendicular to both stretching and applied field 
directions, the strain is negative. For unstretched samples 
which are isotropic in the plane perpendicular to the applied 
field, the strain component in the plane is an average of the 
strains along the chain (positive) and perpendicular to the 
chain (negative) and is in general positive. 

From the data of the longitudinal and transverse strain 
responses, the volume strain can be determined, which is 
about 1/3 of the longitudinal strain. That is, the volume of 
the film decreases with applying electric fields and the 
volume strain can reach -1% under a field of lOOMV/m, 
which is relatively large compared with other electroactive 
materials, such as polyurethane, silicone, and piezoelectric 
ceramics. The large volume strain induced by external 
electric fields in the irradiated copolymer indicates that 
the copolymer should have a high response when used for 
hydrostatic applications. This large volume strain originates 
from the local electric field induced phase transformation. 

12        3        4 
P'(X10"'c'/m*)) 

25 50 75 
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Fig. 7. (a) Longitudinal strain measured at room temperature vs. P^ for 
unstretched 68/32 mol% copolymer film irradiated at 10S°C with 70 Mrad 
dose of 1.0 MeV electrons, where P is the polarization; (b) electrostrictive 
coefficient Q13 vs. electrical field amplitude measured at 22,25, and 30°C 
for stretched 65/35 film irradiated at 95°C with 60 Mrad dose of 2.5 MeV 
electrons, where ^j is the weak field Q\i (measured at about 10 MV/m 
and 30°C). 

which is a unique feature of this class of material and has 
been confirmed directly in a recent X-ray experiment [32]. 

By plotting the field induced strain versus the square of 
induced polarization, it is found that the strain is almost 
linearly dependent on P^ as shown in Fig. 7(a), confirming 
that the strain response is electrostrictive in nature. The 
charge related electrostrictive coefficients {Qtj) can be 
obtained 

Si = QiiP^ and Si = QnP^ (1) 

The Q33 is found to be in the range from —4 to -12 m'*/C^, 
depending on the irradiation condition. On the other hand, 
since the dielectric constant of the irradiated copolymer is 
strongly non-linear, the relationship between the strain and 
applied electric field £3 is not well defined. Although the 
relationship of 

53 = M-iiE\ and Si = M^El (2) 

are often used in the literature to approximate the strain 
responses of ferroelectric-based electtostrictive materials, 
the field related electrostrictive coefficient My will change 
with the applied field amplitude. 

We now discuss the electromechanical coupling fac- 
tors for the irradiated copolymers, which are directly 
related to the energy conversion efficiency of the material, 
and hence, are important parameters for most of electro- 
mechanical applications. For electrostrictive materials, the 
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electromechanical coupling factor {kij) has been derived by 
Horn et al. based on the consideration of electric and 
mechanical energies generated in the material under external 
field [33] 

a = '^  
''■     :9P[/'Eln((/'s+/'E)/(Ps-/'E))+/'sln(l-(PE//'s)')] 

(3) 

where j = 1 or 3, corresponding to the transverse or long- 
itudinal direction (for example, fcsi, is the transverse cou- 
pling factor) and jj? the elastic compliance under constant 
polarization, 5, and PE are the strain and polarization 
responses, respectively, for the material under an electric 
field of E. The coupling factor depends on £, the electric 
field level. In Eq. (3), it is assumed that the polarization- 
field (P-E) relationship follows approximately [33] 

|PE| = /'stanh(/r|E|) (4) 

where Ps is the saturation polarization and k a constant. It is 
found that Eq. (4) describes the P-E relationship of the 
irradiated copolymers studied here quite well [14]. 

The elastic modulus for the films examined here are 
shown in Fig. 8. Using the data in Figs. 5b, 6b and 8, along 
with the polarization data, the coupling factors, ^33 for the 
unstretched sample and ^31 for the stretched sample along 
the drawing direction, are evaluated and presented in Fig. 9. 
At near room temperature and under 80 MV/m electric field, 
it33 can reach more than 0.3, which is comparable to that 
obtained in single crystal P(VDF-TrFE) copolymer [13]. 
More importantly, the data also shows that a coupling factor 
kji of 0.45 can be obtained, which is much higher than those 
in unirradiated P(VDF-TrFE) copolymers and even higher 
than itsi from most piezoceramics [34]. Since the energy 
conversion efficiency is proportional to the square of the 
coupling factor, this improvement is significant. In many 
applications, such as micro-electromechanical-systems 
(MEMS), electrical power generation from ocean waves, 
and artificial muscles, it is the transverse strain that is often 
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Fig. 8. Young's modulus at 1 Hz as a function of temperature for irradiated 
P(VDF-TrFE) copolymer films. Curve A is the modulus of unstretched 68/ 
32 mol% irradiated at 105°C with 70 Mrad dose of 1.0 MeV electrons, and 
curve B is the modulus along stretching direction of stretched 68/32 mol% 
irradiated at 100°C with 70 Mrad dose of 1.2 MeV electrons. 
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Fig. 9. Electromechanical coupling factor as a fiinction of the electric 
field: (a) ^33 for unstretched P(VDF-TrFE) 68/32 mol% film irradiated at 
105°C with 70 Mrad dose of 1.0 MeV electrons; (b) k^ for stretched 
PCVOF-IVFE) 68/32 mol% film irradiated at 100°C with 70 Mrad dose of 
1.2 MeV electrons. 

used and a high transverse coupling factor, therefore, is 
highly desirable. 

3.3. High frequency strain response and electromechanical 
resonance behavior 

The irradiated copolymer exhibits relaxor ferroelectric 
behavior which shows a strong dielectric dispersion at near 
room temperature [11]. Therefore, it is expected that there 
will also be frequency dispersion of the field induced strain 
since the electrostrictive strain is closely related to the 
polarization response in the material, i.e. Eqs. (1) and (2). 
To characterize the electromechanical responses at high 
frequencies, we carried out two experiments. One is to 
perform the field induced strain measurements directly to 
high frequencies. The other is to measure the electromecha- 
nical resonance, which occurs at frequencies higher than 
30 kHz when the copolymers are under dc bias fields (for an 
electrostrictive copolymer, a dc bias field is required to 
induce an effective piezoelectric state) and firom which 
the electromechanical coupling factor can be obtained. 

The fi-equency dependence of the longitudinal strain (in 
reduced unit) for 68/32 unstretched film is shown in Fig. 10. 
The measuring field used here is limited to below 30 MV/m 
due to the limitation of the power supply. Although the strain 
response decreases with fi'equency as one would expect, this 
reduction is not severe. Over a four-decade fi-equency 
change, i.e. fi-om 1 Hz to 10 kHz, the reduction of the strain 
at near room temperature is less than half and at higher 
temperatures, the strain level can remain nearly constant 
in this frequency range. The results demonstrate that the 
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Fig. 10. Frequency dependence of longitudinal strain response for 
unstretched 68/32 mol% copolymer under 20 MV/m field. The film was 
irradiated at 105°C with 70 Mrad of 1.0 MeV electrons. 

material studied here can produce high strain at high fre- 
quencies. The results here are also consistent with the 
dielectric data where at temperatures higher than the broad 
dielectric peak (>40°C), the dielectric dispersion becomes 
quite small. In fact, since the charge related electrostrictive 
coefficient Q is nearly independent of frequency and weakly 
dependent on temperature, Eq. (1) indicates that the fre- 
quency dependence of high field polarization (and dielec- 
tric) response can be used to predict the frequency 
dependence of the strain response, which provides a more 
convenient means to estimate the strain response at high 
frequencies. 

The electromechanical resonance behavior was charac- 
terized for copolymers under different dc bias fields and the 
results are presented in Fig. 11 (a) where the ac signal used is 
1 Vnns- In Fig. 11(a), the data were taken from stretched 68/ 
32 film and the resonance occurred along the stretching 
direction. A very clear resonance (electromechanical beha- 
vior) was observed. For the data in Fig. 11(a), the elastic 
compliance (sn) and related coupling factor (k^) along the 
stretching direction can be derived from [35] 

1 

^31 

l-*l. 
= ——tan 

2/s (If) 

(5) 

(6) 

where, jf, (Young's modulus Y — l/^j) is the elastic 
compliance along the stretching direction, p the density, 
the / the length along the resonance direction,/p and/s are the 
parallel and series resonance frequencies, and A/ =/p —/j. 
The Young's modulus along the stretching direction, thus, 
obtained is shown in Fig. 11(b). The comparison of the data 
here with that in Fig. 8 indicates that the Young's modulus 
increases significantly at high frequencies (3 GPa at 35 kHz 
as compared with 1 GPa at 1 Hz). The data also reveal that 
the modulus increases with dc bias field, which is associated 
with the reduced entropy in the copolymer under dc bias 

 0 MVta 
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Fig. 11. (a) Frequency dependence of the impedance at room temperature 
for the stretched 68/32 mol% copolymer under different dc bias fields 
(fi-om bottom to top, the dc bias is 0, 20, 40, 50, 60, 70 MV/m, 
respectively), the film was irradiated at 100°C with 70 Mrad of 1.2 MeV 
electrons; (b) and (c) are the Young's modulus and coupling factor k-^^ 
deduced from the data in (a). 

electric fields. In addition, the electromechanical coupling 
factor, *3i shown in Fig. 11(c), determined from the reso- 
nance data is very close to and even higher than that obtained 
from Eq. (3) at near static limit, which again indicates that 
the copolymer can function well at high frequencies. 

3.4. The mechanical load effect on the electrostrictive 
strains 

Being a polymeric material, there is always a concern 
about the electromechanical response under high mechan- 
ical load, that is, whether the material can maintain the high 
strain level when subject to high external stresses. To 
address this concern, we carried out a series of measurement 
of the field induced strain under mechanical loads [16]. The 
data reported here are the transverse strain of stretched 
and irradiated 65/35 copolymer under tensile stress 
along the stretching direction and the longitudinal strain 
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Fig. 12. (a) Transverse strain vs. tensile stress along the stretching 
direction for stretched 65/35 mol% copolymer film; (b) longitudinal strain 
vs. hydrostatic pressure for unstretched 65/35 mol% copolymer film. The 
strains were measured at room temperature. The films were irradiated at 
95°C with 60 Mrad of 2.55 MeV electrons. 

of unstretched and irradiated 65/35 copolymer under hydro- 
static pressure [16,36]. 

The transverse strain at different tensile stresses along the 
stretching direction is presented in Fig. 12(a). As can be seen 
from the figure, under a constant electric field, the transverse 
strain increases with the load initially and reaches a max- 
imum at the tensile stress of about 20 MPa. Upon further 
increase of the load, the field induced strain is reduced. One 
important feature revealed by the data is that even under a 
tensile stress of 45 MPa, the strain generated is still nearly 
the same as that without load, indicating that the material has 
a very high load capability. 

The longitudinal strain for unstretched 65/35 films as a 
function of hydrostatic pressure was measured and the data 
is presented in Fig. 12(b). At low electric fields, the strain 
does not change much with pressure, while at high fields, it 
shows increase with pressure. Due to the limitation of the 
experimental set-up, we could not apply pressure higher than 
8.2 MPa, which is the highest pressure level that the hydro- 
static pressure system used can provide [36]. 

The results from both experiments demonstrate that the 
electrostrictive P(VDF-TrFE) copolymer has a high load 
capability and maintains its strain level even under very high 
load in contrast to many other EAPs. The observed change in 
the strain with load can be understood based on the con- 
sideration of the electrostrictive coupling in this relaxor 
ferroelectric material which has been analyzed in earlier 
publications [16,27]. 

3.5. Performance ofunimorph actuators fabricated from 
the electrostrictive P(VDF-TrFE) copolymers 

To demonstrate the device performance of the irradiated 
copolymers, several unimoiph actuators were fabricated 
using the irradiated copolymer films. Shown in Fig. 13 is 
the field induced actuation of an unimorph made of an 
electrostrictive P(VDF-TrFE) 68/32 copolymer (active film) 
and an inactive polymeric substrate. The electrode area of 
the active film is 10 mm wide and 20 mm long. To prevent 
any possible edge discharge when operated under high 
voltage, there is ~ 1.5 mm wide unelectroded area at the 
edges of the active layer. The thickness of both the active and 
inactive films is 22 jtm and the thickness of glue layer 
between two polymer films is about 1 nm. Fig. 13(a) shows 
the unimorph without electric field and Fig. 13(b) is under 
65 MV/m field, where a transverse strain of about 1.7% was 
generated in the active film (68/32 copolymer, stretched and 
irradiated at 100°C with 65 Mrad dose of 1.2 MeV elec- 
trons). Clearly, there is a large actuation of the unimorph due 
to the high transverse strain. 

For an unimorph, it has been derived that the tip displace- 
ment (S) and blocking force (F), which are dependent on the 

1 1 f- "'^^^^ 

■ [^^) 

■I* ^•* f^R^I ̂ ^H 
^s •«-«»■ -  '^^^^^1 ̂ ^H 

I k ^ 
B 

Fig. 13. The performance of an unimorph with one electrostrictive P(VDF-TrFE) copolymer layer of 22 jun bonded to an inactive polymer of the same 
thickness: (a) the picture shows the unimorph without electric field; (b) the picture shows the actuation of the unimorph under an electric field of 65 MV/m. 
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Table 1 
Comparison of electromechanical properties 

Materials y(GPa) Typical S„ (%) y^/2 (J/cm') Y^J2p (J/kg) Stress (MPa) 

Piezoceramic 64 0.2 0.13 17 128 
Magnetostrictor 100 0.2 0.2 21.6 200 
Hezo P(VDF-TrFE) 4 0.15 0.0045 2.5 6 
Electrostrictive P(VDF-TrFE) ^3 0.4 5.0 0.5 267 20 

5. 1.0 3.5 0.61 326 35 

device geometric and material properties, can be expressed 
as [37] 

3L^ 2AB{l+Bf 
2t A^B* + 2AB{2 + 3B + 2B^) + 1   ' 

2wt^Y 2AB 
8L   (AB+1)(1+B) 

(7) 

(8) 

where L, w and t are the length, width and thickness of the 
unimorph, Si and Fare the transverse strain and the Young's 
modulus along the length direction of the active film, 
respectively. In the equations, A and B are the ratio of 
Young's modulus and the thickness ratio of the substrate 
to active film, respectively. Because the unimorph tip in 
Fig. 13 has travelled more than one circle, Eq. (7) cannot be 
used to make the comparison. 

For an unimorph with small t, the blocking force is small 
as indicated by Eq. (8). By increasing the thickness r of an 
unimorph, the blocking force can be increased. Here, in 
order to keep the driving voltage low, a multilayer config- 
uration for the irradiated P(VDF-TrFE) copolymer is used 
[38]. The unimorph fabricated has eight active layers with 
each layer thickness of about 19 nm and bonded together by 
a polymer glue and the total thickness of the unimorph is 
0.32 mm. The other dimensions and parameters are: 
L = 22 mm, Y = 1 GPa, B = 3 and A = 1. The actual unim- 
orph width w is 13 mm, but the width of the electroded area 
is 10 mm. The blocking force measured for the unimorph 
was 3.3 g when a field of 40 MV/m was applied which 
results in a transverse strain of 0.33%. By substituting all the 
parameters into Eq. (8), a blocking force of 4.2 g is predicted 
(here w = 10 mm is used since it is the electroded area 
which generates the force). Considering the fact that there is 
a dead area (unelectroded part of the unimorph) of about 
25% of the total unimorph and the inactive glue layers, the 
agreement between the prediction of Eq. (8) and measured 
blocking force is quite good. The result indicates that the 
field induced strain Si can be used to estimate the blocking 
force of an unimorph actuator and the copolymer films do 
have high load capability. 

4. Summary 

As a summary, the field induced strain, the elastic 
energy density, which is another important parameter for 

electromechanical actuator materials, and other related para- 
meters for this new class of EAP are compiled in Table 1 
[39,40]. For the comparison, we include the data for the 
conventional piezoelectric P(VDF-TrFE) copolymer, the 
piezoceramic and magnetostrictive materials. In the table, 
both the volumetric energy density, which is YSI^/2 and 
related to the device volume, and the gravimetric energy 
density, which is YS\/2p and related to the device weight, 
are included. Here 5n, is the maximum strain level, p the 
density, and yis the Young's modulus. In Table 1, we also 
include another parameter, the blocking stress, which is the 
stress level generated under a given electric field when the 
strain of the sample is zero. For the data in the table, the 
maximum blocking stress has been approximated as YS^a 
(neglecting the possible non-linear effect). Apparently, the 
irradiated copolymers exhibit a high elastic energy density, 
which is consistent with the results of high load capability as 
presented in the paper. 

The results presented here represent a significant im- 
provement in the electromechanical properties of P(VDF- 
TrFE) copolymers and also points to a new approach for 
improving the electromechanical responses in other related 
ferroelectric polymers, i.e. making using of modified electric 
field controlled phase transition. Using high energy electron 
irradiation is only one means to modify the phase transition. 
There exist other non-irradiation approaches to modify the 
transition which are currently under investigation. 
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This letter reports the ferroelectric and electromechanical properties of a class of ferroelectric 
polymer, poly(vinylidene-fluoride-trifluoroethylene-chlorotrifluoroethylene) teipolymer, which 
exhibits a slim polarization hysteresis loop and a high electrostrictive strain at room temperature. 
The dielectric and polarization behaviors of this terpolymer are typical of the ferroelectric relaxor. 
The x-ray and Fourier transform infrared results reveal that the random incorporation of bulky 
chlorotrifluoroethylene (CTFE) ter-mohomers into polymer chains causes disordering of the 
ferroelectric phase. Furthermore, CTFE also acts as random defect fields which randomize the inter- 
and intrachain polar coupling, resulting in the observed ferroelectric relaxor behavior. © 2001 
American Institute of Physics.   [DOI: 10.1063/1.1358847] 

Polymers with large electromechanical responses are at- 
tractive for a broad range of applications. Among them, the 
poly(vinylidene-fluoride-trifluoroethylene) [P(VDF-TrFE)] 
copolymers are especially interesting because of their rela- 
tively high piezoelectric response and thermal and chemical 
stability.'"^ Recently, it has been observed that with a proper 
high-energy electron irradiation treatment, P(VDF-TrFE) 
copolymers at compositions near 65/35 mol % exhibit a high 
electrostrictive strain and improved electromechanical cou- 
pling factors (electromechanical conversion efficiency).^"' In 
addition, the modified copolymers possess a relatively high- 
room-temperature dielectric constant and exhibit many fea- 
tures typical of ferroelectric relaxors."*"' These results dem- 
onstrate that the properties of P(VDF-TrFE)-based polymers 
can be modified and improved markedly by the introduction 
of "defect" structures. In this letter, we report on the elec- 
tromechanical and ferroelectric properties of another poly- 
mer based on the concept of the defect structure modification 
of the P(VDF-TrFE) polymer system, poly(vinylidene- 
fluoride-trifluoroethylene-chlorotrifluoroethylene) terpoly- 
mer [P(VDF-TrFE-CTFE)]. It will be shown tiiat the intro- 
duction of "bulky" CTFE into the P(VDF-TrFE) 
copolymer converts the normal ferroelectric P(VDF-TrFE) 
into a ferroelectric relaxor with high electrostrictive strain. 

P(VDF-TrFE-CTFE) terpolymer was synthesized using 
the bulk polymerization method. The VDF/TrFE ratio was 
evaluated from the "F NMR spectrum; the CTFE mol % was 
determined by element analysis. To facilitate the discussion 
and comparison with the P(VDF-TrFE) copolymer, the 
composition of the terpolymer is labeled as 
VDF^-TrFEi_;t-CTFE^, where the mole ratio of VDF/ 
TrFE is xl\-x and the y is the mol % of CTFE in the ter- 
polymer. In this investigation, terpolymers in the composi- 
tion range from x = 60% to 80% and >' = 4% to 13% were 
synthesized and evaluated. Among them, the terpolymer of 
65/35/10 exhibits the highest electrostrictive strain with very 

"'Electronic mail: qxzl@psu.edu 

little polarization hysteresis at room temperature. Accord- 
ingly, the properties of tiie terpolymer 65/35/10 are chosen to 
be the subject of this letter. 

The polymer films were prepared using the solution cast 
method by first dissolving P(VDF-TrFE-CTFE) terpolymer 
in dimethyl formamide (DMF). The films were subsequently 
annealed at a temperature between 100 and 120 °C for 6 h to 
improve the crystallinity. Gold electrodes were sputtered on 
the two surfaces of the films for the electric measurement 
and the typical film tiiickness is about 20 /jm. The thickness 
of films used in the Fourier transform infrared (FTIR) study 
is below 5 yttm. The strain along the thickness direction (lon- 
gitudinal strain S^) was measured using a piezobimorph- 
based sensor.* The Sawyer-Tower technique was used to 
characterize the polarization response in the fibns. 

As the bulky and less polar termonomer CTFE is ran- 
domly introduced into P(VDF-TrFE) normal ferroelectric 
crystals, it is expected that the ferroelectric transition will be 
broadened, and that the ferroelechic-paraelectric (FP) tran- 
sition temperature will be lowered. Indeed, as shown in Figs. 
1(a) and 1(b), those features have been observed in the di- 
electric data for the terpolymer 65/35/10. There are three 
main features in the dielectric data of the polymer due to the 
addition of CTFE: (1) the original FP transition peak of the 
65/35 copolymer is moved to room temperature; (2) the peak 
becomes much broader and its position shifts progressively 
with frequency towards higher temperature; (3) there is no 
thermal hysteresis in the dielectric data, i.e., the broad dielec- 
tric peak stays at the same temperature when measured in the 
heating and cooling cycles [Fig. 1(b)]. In contrast, the co- 
polymer shows thermal hysteresis in the dielectiic data. In 
addition, the relationship between the measuring frequency/ 
and the dielectric peak temperature T„ follows quite well the 
Vogel-Folcher (VF) law, as shown in the inset of Fig. 1(a),' 

/=/o exp 
-U 

\k{T„-T/)\' 

where C/ is a constant and k is the Boltzmann constant, Tf 
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FIG. 1. Terpolymer P(VDF-TrFE-CTFE) 65/35/10. (a) Dielectric constant 
(solid curves) and dielectric loss (dashed curves) as a function of tempera- 
ture at frequencies (from top to bottom for the dielectric constant and for the 
dielectric loss from bottom to top): 100, 300, 1, 3, 10, 30 kHz, 0.1, 0.3, and 
1 MHz. (b) Dielectric constant at 1 kHz of the 65/35/10 terpolymer and 
65/35 copolymer for both heating (dashed curves) and cooling (solid curves) 
cycles measured at room temperature. 

can be regarded as the freezing temperature, corresponding 
to the peak temperature of the static dielectric constant (~0 
Hz frequency), and the prefactor /o is the upper-frequency 
Hmit of the system, corresponding to the dipolar response 
when there is no coupling between the dipolar units in the 
system. The fitting yields C/=8.2meV, /o=15.4MHz, and 
fy-= 298.3 K(25.15 °C). The results here are quite similar to 
those observed in the irradiated P(VDF-TrFE) copolymer.'*-* 
It should also be noted that the terpolymer possesses a high- 
room-temperature dielectric constant (~60 at 1 kHz). 

Figure 2(a) presents the polarization hysteresis loops 
measured at room temperature and —40 °C (233 K). Analo- 
gous to the irradiated copolymers, the terpolymer exhibits a 
slim polarization loop at room temperature, and as the tem- 
perature is lowered, both the remanent polarization and co- 
ercive field increase. All these features are remarkably remi- 
niscent of ferroelectric relaxor behavior and the results 
suggest that the introduction of CTFE into P(VDF-TrFE) 
copolymers convert the normal ferroelectric P(VDF-TrFE) 
copolymer into a material closely resembling the ferroelec- 
tric relaxor.'" 

The terpolymer also exhibits a high-field-induced longi- 
tudinal strain S (~4% under 150 MV/m), as shown in Fig. 
Downloaded 06 Aug 2002 to 146.186.113.110. Redistribution subject 
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FIG. 2. Terpolymer P(VDF-TrFE-CTFE) 65/35/10. (a) Polarization hys- 
teresis loops measured at room temperature (20 °C) and -40 °C and 10 Hz. 
(b) Longitudinal strain as a function of the driving field amplitude measured 
at room temperature and 10 Hz (dots are data and the solid line is drawn to 
guide the eyes). 

2(b), which was measured at room temperature and 10 Hz. 
Combining the strain data with the measured elastic modulus 
y=0.4GPa yields a relatively high-elastic-energy density 
and the volumetric elastic-energy density YS^/2 is 0.32 
MJ/m'.'* For the copolymer, the corresponding strain is 
0.15% and the volumetric elastic energy density is 0.0045 
MJ/m^^ 

At this point, it is worthwhile to examine in more detail 
the effect of randomly introducing the termonomer CTFE or 
chlorine into the polymer chain and into the crystal. In com- 
parison with the hydrogen and fluorine atoms, which have 
van der Waals (vdW) radii of 1.2 and 1.35 A, respectively, 
chlorine has a much larger vdW radius of 1.8 A. As a result, 
when considering the steric effects on the intrachain ener- 
gies, the addition of chlorine to the polymer chain should 
favor the formation of transbond (7) rather than gauche (G) 
conformations. In the gauche conformation, substitution of 
chlorine in the polymer chain produces unfavorable 1, 4 
steric repulsions between chlorine and fluorine atoms that 
can     only     be     relieved     by     bond     rotations     to 
all-transconformations." However, in order to accommodate 
the larger chlorine atom and relieve steric congestion, the 
interchain spacing in the crystalline phase in the terpolymers 
can expand and thereby favor energetically transgauche (TG) 
conformations in the neighboring chain segments. The deli- 
cate balance between those effects appears to leave room for 
incorporation of a certain number of gauche bonds. Indeed, 
computations on molecular models of terpolymers provide 
evidence of lattice expansion when CTFE termonomer units 
are substituted for TrFE monomers.'^ In addition, these cal- 
culations demonstrate that substitution of chlorine in the 
polymer chains raises the inter- and intrachain energies of 
TGTG forms to a greater extent than those of T3GT3G and 
all-trans forms because of steric repulsions. Consequently, 
the formation of the T3G conformation appears more likely 
in the terpolymer.'^ Those features are supported by the 
x-ray and FTIR studies described below. Furthermore, the 
random incorporation of CTFE into the VDF-TrFE chain 
would be expected to produce random fields to frustrate the 
ferroelectric (polar) coupling, both inter- and intrachain, 
which will destabilize the polar ordering, resulting in relaxor 
ferroelectric behavior. 

In Fig. 3(a), we present the room-temperature x-ray data 
collected near the angular position of the (200, 110) reflec- 
tion of the P(VDF-TrFE) copolymer. The change of the 
to AlP license or copyright, see hnp://ojps.aip.org/aplo7aplcr.Jsp 
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FIG. 3. (a) Comparison of the x-ray diffractions at 29 angle near the (200, 
110) reflection, which shows the expansion of the interchain spacing due to 
the incorporation of CTFE into the crystalline phase (the x-ray wavelength 
is 1.54 A), (b) Comparison of the FTIR data between the terpolymer and 
copolymer which shows the reduction of the absorbance for T„>3 and in- 
crease of the absorbance for the T3G conformation in the terpolymer. Both 
x-ray and FTIR data were taken at room temperature. 

crystallinity due to the introduction of CTFE can be esti- 
mated from the area of the crystalline diffraction peak and 
amorphous hola.'^ For the copolymer, the crystallinity is 
75% while for the terpolymer here, it is reduced to 56%. For 
the 65/35 mol% copolymer, the interchain spacing from the 
(110, 200) reflection is 4.6 A, while with 10 mol% CTFE, 
this spacing is increased to 4.8 A, close to the interchain 
spacing of the paraelectric phase. Concomitantly with this 
shift in the x-ray peak position, the peak width is reduced, 
indicating an increase in the coherent x-ray diffraction 
length. This phenomenon is common to all the ferroelectric 
materials, where in the normal ferroelectric phase the x-ray 
peak width is limited by the ferroelectric domain size, which 
is normally much smaller than the crystallite size. The ferro- 

Xu et al. 

electric domains disappear in the nonferroelectric phase and 
the coherent x-ray diffraction length is mainly determined by 
the crystallite size.''' This is consistent with the dielectric and 
polarization data presented in Figs. 1 and 2, indicating that 
there is no long-range polar ordering in the 65/35/10 terpoly- 
mer. However, unlike the paraelectric phase of copolymers, 
which is predominately all-fransconformation,'^ the molecu- 
lar conformation of 65/35/10 terpolymer is mainly T3GT3G, 
as revealed by the FTIR data recorded at room temperature 
[Fig. 3(b)]. In this analysis, the method by Osaki and Ishida 
was used to calculate the fraction F,- of each chain confor- 
mation: 

Fi= 
Ai 

where j = I, II, and III, and A^, A^, and Ay^ are the absor- 
bencies of the chain conformations with all-trans (T„>3, ab- 
sorbance peak at 1285 cm"'), T3GT3G (peak at 510 cm"'), 
and TGTG (peak at 610 cm"'), respectively.'*-'^ For the 
copolymer, the fraction of three conformations are 75% 
(T„>3), 18% (T3GT3G), and 7% (TGTG), while for the 
terpolymer the values change to 34% (T„>3), 61% 
(T3GT3G), and 5% (TGTG). 
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Electromechanical coupling factor is one of the most important parameters for measuring the performance of materials for 
electromechanical transduction applications. In this paper, we will show that a transverse electromechanical coupling factor 
kii of more than 0.45 can be achieved in poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] copolymer under certain 
electron irradiation treatment conditions. In addition, the effective piezoelectric coefficients of the irradiated copolymer have 
been found to increase markedly in comparison to non-irradiated copolymers. Experimental evidences also indicate that the 
improved electrostrictive strains in irradiated copolymer films can be maintained over a broad firequency and temperature range. 
KEYWORDS: electrostrictlon, P(VDF-TrFE), piezoelectric, coupling coefficient 

1. Introduction 

As the best known electromechanical polymers, 
polyvinylidene fluoride (PVDF) and its copolymers with 
trifluoroethylene (TrFE) have been extensively investigated in 
the past thirty years for a wide range of applications such as 
artificial muscles, electromechanical transducers, and electric 
energy generation from ocean powers.'^^ Although the 
P(VDF-TrFE) copolymers possess the highest piezoelectric 
coefficients and electromechanical coupling factors among 
all the known polymers, they are still far below those from 
the piezoceramics. For example, the longitudinal coupling 
factor k33 for single crystal P(VDF-TrFE) 75/25 mol% 
copolymer is below 0.3, and other coupling factors have 
even lower values. The piezoelectric coefficients of these 
polymers at room temperature are also below 40pmA'.'"^' 
Therefore, continuous efforts are being made to improve the 
electromechanical properties of these copolymers by using 
different approaches.*"'^^ 

We have reported recently that by using high-energy 
electron irradiation, the electromechanical properties of 
P(VDF-TrFE) copolymers such as field-induced electrostric- 
tive strains along both longitudinal and transverse directions 
can be improved significantly.'■'■'*' In the present study, we 
report that under a proper electron irradiation condition, an 
electromechanical coupling factor kji = 0.45 (transverse 
coupling factor) can be reached in the irradiated copolymers, 
which is much higher than those in the non-irradiated copoly- 
mers (^33 < 0.3 and ^31 < 0.15) and even higher than the ^31 
value in most of the piezoceramics.^^-'^^ Since the energy 
conversion efficiency is proportional to the square of the cou- 
pling factor, this improvement is significant.'*^ In addition, 
we will present the results showing that the irradiated copoly- 
mer can maintain their high strain level to higher frequencies 
and over a relative broad temperature range. 

2. Experimental 

The data reported in this article are taken from the 
P(VDF-TrFE) 68/32 mol% copolymer films, which exhibit 
the best electromechanical properties among the copoly- 

*E-tnail address: qxzl@psu.edu 

mers investigated.'''''''''^^ The copolymer powder was pur- 
chased from Solvay and Cie, Belgium. The non-stretched 
and stretched (4.5 x) films of thickness ~20-25|im were 
prepared by extrusion and casting from ^V.iV-dimethyl for- 
mamide (DMI') solvent, respectively. The non-stretched films 
were used to investigate the longitudinal strain response (the 
strain along the thickness direction). As has been shown ear- 
lier, in order to obtain a high transverse strain, a stretched 
copolymer film should be used."' In order to improve the 
crystallinity and also to remove the residual solvent from the 
solution cast films, the films were annealed at 140°C for 16 h 
before the irradiation. The electron irradiation was carried out 
using 1 MeV electrons at National Institute of Standards and 
Technology, and 1.2 MeV electrons at the Massachusetts In- 
stitute of Technology. In both the cases the irradiation was 
carried out in a nitrogen atmosphere at temperatures near 
100°C for the irradiation doses ranging from 60 to 75 Mrad. 

The strains along the thickness direction (longitudinal 
strain, 53) and the stretching direction (transverse strain. Si) 
were measured using a piezo-bimorph-based sensor and a 
cantilever-based dilatometer, respectively.'^-"' Both set-ups 
were designed and developed specifically for strain measure- 
ment in polymer thin films. In the piezo-bimorph set-up, the 
strain in the polymer films generates a deflection in the piezo- 
bimorph, which in turn, produces an electric signal output due 
to the piezoelectric effect. In the cantilever-based dilatometer 
set-up, one end of the polymer is fixed and the other end is at- 
tached to a plastic cantilever. The transverse strain in the films 
causes the deflection of the tip of the cantilever, which is mea- 
sured by a photonic sensor. A laser interferometer set-up was 
used to measure the electrostrictive strain at higher frequen- 
cies (up to 5 kHz which was the limit of the voltage amplifier 
used)."' The Sawyer-Tower technique was used to measure 
the polarization response in the films at 10 Hz frequency. 

3.   Results and Discussion 

Figure 1(a) presents the amplitude of electric field-induced 
transverse strain at IHz near room temperature obtained 
from the stretched copolymer films irradiated at 100°C using 
1.2 MeV electrons with 70 Mrad dose. The transverse strain 
^i ~ 3.3% under the electric field of 105 MV/m is observed, 
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Fig. 1. (a) The dependence of electric field induced transverse strain (Si) 
on electric field strengths at different temperatures, the solid curves are 
drawn to guide eyes; (b) the polarization hysteresis loop (solid curve) mea- 
sured at 30°C, where the circles (O) are the average polarization of the ob- 
served polarization loop, while the solid line passes the circles is the fitted 
result using eq. (2). The material is stretched 68/32 mol% P(VDF-TrFE) 
copolymer films irradiated at 100°C with 1.2MeV electrons for 70Mrad 
dose. 

which is higher than the transverse strain obtained at a sim- 
ilar field for copolymers irradiated with 2.55 MeV electrons, 
as reported earlier.'*'"' 

The quasi-static electromechanical coupling factor for elec- 
trostrictive materials has been derived by Hom et al.,^^ where 
the coupling factor depends on the induced polarization level 
PB and strain 5, under a given electrical field, i.e., 

kSf 
^      — 

+ Psln 

(1) 

where / = 1 or 3, corresponding to the transverse or longi- 
tudinal direction (for example, *3i, is the transverse coupling 
factor) and sfi is the elastic compliance under constant polar- 
ization. The polarization-field (P-E) relation is assumed to 
be 

|PBl = ''stanh(t|£;|) (2) 
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Fig. 2. The change in the (a) elastic modulus with temperature; (b) elec- 
tromechanical coupling factor (isi) with applied electric field at different 
temperatures (here the solid curves are drawn to guide eyes); measured for 
stretched 68/32 mol% P(VDF-TrFE) copolymer films irradiated at 100°C 
vrith 1.2 MeV electrons for70Mrad dose. 

where Ps is the saturation polarization and t is a constant. 
As can be seen from Fig. 1(b), the averaged polarization loop 
can be quite well fitted by eq. (2). Using these data along 
with the elastic modulus shown in Fig. 2(a), the quasi-static 
transverse coupling factor kn is calculated and presented in 
Fig. 2(b). As can be seen, at near room temperature, ^31 
is more than 0.45, which is much higher than that of non- 
irradiated P(VDF-TrFE) copolymers and even higher than ^31 
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Fig. 3. The longitudinal strain (S^) as a function of temperature mea- 
sured under 147 MV/m and IHz driving electric field for unstretched 
68/32mol% P(VDF-TrFE) copolymer films irradiated at 100°C with 
1.0 MeV electrons for 70Mrad dose. Data points are shown and the solid 
curve is drawn to guide eyes. 
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from most of the piezoceramics."' Since in many applications 
such as mico-electro-mechanical-systems (MEMS), electrical 
power generation from ocean waves, and artificial muscles, it 
is the transverse strain that is often used, a high transverse 
coupling factor, therefore, is highly desirable.*-^'"^'^ 

TTie variation in longitudinal strain (S3) at 1 Hz with tem- 
perature is presented in Fig. 3, where S3 of near -5% can 
be induced by an electric field of 147 MV/m for unstretched 
copolymer films irradiated at 105°C with 70Mrad dose of 
1 MeV electrons. As can be observed that the induced strain 
is almost constant up to 80°C. Furthermore, the frequency ef- 
fect on the field-induced strain, which is important for many 
actuator and transducer apphcations, was also characterized at 
near room temperature. The bimorph based set-up was used 
to measure the strain response in flie frequency range from 
1 Hz to near 100 Hz and a laser interferometer was utilized 
to measure strain at higher frequencies (up to 5 kHz). The S3 
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Fig. 4. The ratio of longitudinal strain (S3) at higher frequencies to the 
strain at 1 Hz (open circles) as a fimction of frequency measured using 
laser interferometer at temperatures of (a) 25°C, and (b) 33''C; for un- 
stretched 68/32 mol% P(VDF-'IVFE) copolymer films irradiated at 105°C 
with 1.0 MeV electrons for 70 Mrad dose. For the comparison, the change 
in the square of the ratio of the polarization at higher frequencies to polar- 
ization at 1 Hz as a function of frequency is also shown (solid dots). The 
strain data (cross dots) measured using the bimorph based sensor is also 
presented, (c) The normalized electrostrictive coefficient Qu (g = S/P^) 
as a function of frequency for the two temperatures measured. The sym- 
bols here are the data points and the curves are drawn to guide eyes. 

data obtained from both set-ups are presented in Figs. 4(a) and 
4(b). At lower frequencies (<50Hz), the laser interferometer 
has relatively large error in the strain measurement due to the 
environment noise. In the overlapped frequency range, the 
data measured from the bimorph sensor and from the laser in- 
terferometer is consistent with each other within the error bar. 
The result shows that the electrostrictive strain extrapolated to 
10 kHz remains to be more than 50% of the value at 1 Hz (over 
4 frequency decades). For the comparison, the polarization 
level was also measured in the same frequency range using 
the Sawyer-Tower circuit. Since the electrostrictive strain S 
is proportional to the square of the polarization P (S = QP^, 
where Q is the electrostrctive coefficient), the change in the 
square of the polarization with frequency is also presented in 
Fig. 4. Apparently, the dispersion of the square of the polar- 
ization is smaller than that of the strain. Making use of the 
strain and polarization data, the electrostrctive coefficient Q 
is determined and is shown in Fig. 4(c). As indicated by the 
data, there is a small decrease of Q with frequency which sug- 
gests that there is a change of the polarization response with 
frequency and the low frequency component of the polariza- 
tion is more effective in generating the strain response. This 
behavior is analogous to the one observed in the relaxor ferro- 
electric ceramic, PbMgi/3Nb2/303, where due to the change 
in the polarization response with temperature, Q exhibits a 
large variation.^' In the irradiated copolymer, the polariza- 
tion response can be from several different sources such as 
the rotation of dipoles and the local phase transformation due 
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Fig. 5. (a) The elastic modulus as a function of temperature; (b) the elec- 
tromechanical coupling factor (tss) as a function of driving electric field 
at different temperatures (data points are presented and solid curves are 
drawn to guide eyes); for unstretched 68/32 mol% P(VDF-TrFE) copoly- 
mer films irradiated at 105°C with 1.0 MeV electrons for 70 Mrad dose. 
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Fig. 6. Effective piezoelectric coefficients; (a) d^ measured for stretched 
P(VDF-TrFE) copolymer films irradiated at 100°C with 70Mrad using the 
1.2 MeV electrons, and (b) (^f measured for unstretched P(VDF-TlrFE) 
copolymer films irradiated at 100°C with 70Mrad using the 1.0 MeV elec- 
trons. The symbols here are the data points and the curves are drawn to 
guide eyes. 

to the expansion and contraction of the local polar-regions. 
Making use of eq. (1) with the elastic modulus [Fig. 5(a)] 

and polarization data, the longitudinal coupling factor {k-i^) at 
1 Hz is determined and presented in Fig. 5(b). At near room 
temperature and under 80 MV/m electric field, ^33 of more 
than 0.3 is achieved. 

Although after irradiation at temperatures near and above 
room temperature the copolymer behaves as an electrostric- 
tive material, to compare it with other electromechanical actu- 
ator materials, an effective piezoelectric coefficient is defined 
here as the ratio of the induced strain versus applied unipo- 
lar ac electric field [Si/E-i, where / = 1 is for the effective 
transverse piezoelectric coefficient (d|f) and i = 3 for the ef- 
fective longitudinal coefficient (d|f)]."' As seen in Fig. 6, rel- 
atively large effective piezoelectric coefficients are obtained, 
and d|f = 300pm/V and d|f = -383pm/V are observed 
under 40 MV/m and 75 MV/m field for irradiated stretched 
and unstretched films, respectively. These values are com- 
parable to the piezoelectric coefficient of conventional piezo- 

4) 

ceramic materials, for example PZT-5H (t/31 274pm/V 
and ^33 ~ 593 pm/V).'^^ It should be pointed out here that in 
many soft polymer elastomers, a high ratio of strain/applied 
field can be achieved due to the electrostatic force.'^-^'-^*' But 
because of the low elastic modulus of these polymer elas- 
tomers, the strain energy density, which is an important pa- 
rameter for choosing a material as an actuator, is lower than 
irradiated copolymer films.'^'''*'^''^*' 
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ABSTRACT: The mlcrostructural changes in high-energy electron-irradiated poly(vinylldene fluoride- 
trifluoroethylene) 68/32 mol % copolymer have been studied by X-ray diff'raction, FTIR spectroscopy, and 
differential scanning calorlmetry. The macroscopic polarization response in these materials was 
investigated by examining the dielectric and polarization behavior in a broad temperature and frequency 
range. It was found that besides reducing crystallinlty in the copoljmier film, irradiation produces 
significant changes in the ferroelectric-to-paraelectric phase transition behavior. The irradiation leads 
to a reduction In the polar domain size to below a critical size (a few nanometers), resulting in the 
instability of the macroscopic ferroelectric state and transforming the structure of the crystalline region 
in the copolymer from a polar all-trans ferroelectric to a nonpolar state represented by a trans—gauche 
conformation. However, a reentrant polarization hysteresis was observed in the copolymers Irradiated 
with higher doses (>75 Mrad). Therefore, there is an optimized dose that generates a copoljmier with a 
nonpolar structure but relatively high crystallinlty whose electromechanical performance is the best. In 
the copolymers in this optimum dose range, FT-IR data revealed that there is not much change in the 
molecular conformation with temperature, even as the temperature passes through the dielectric peak. 
Indicating that there is no symmetry breaking in both the macroscale and local level. Although the lattice 
spacing of the crystalline region along the molecular chain direction discontlnuously changes between 
two special cases, the interchain spacing continuously changes with the irradiation dose, reflecting a 
strong intrachain coupling between the nonpolar and polar regions. On the other hand, the X-ray data 
reveal that the crystalline size perpendicular to the polymer chain does not change with irradiation until 
at doses exceeding 85 Mrad. 

I. Introduction 

High-energy irradiation has been practiced widely to 
modify the properties of polymeric materials.'-^ The 
effect of high-energy irradiation on the piezoelectric 
properties, crystal structures, and polymer morphology 
of poly(vinylidene fluoride-trifluoroethylene) (P(VDF- 
TrFE)) copolymers has been investigated quite exten- 
sively.2 For instance, Lovinger observed the polymorphic 
transformation in P(VDF-TrFE) copolymers under 
high-energy electron irradiation, where the ferroelectric 
j8-phase is converted to a paraelectrlc-like structure.' 
In addition, he found that the dosage required for this 
transformation increases with the VDF content in the 
copolymer, which was interpreted as arising from the 
increased close packing between the polymer chains in 
the copolymers with increased VDF content. In addition 
to the polymorphic transformation, irradiation also 
causes the conversion from the crystalline to amorphous 
phase due to cross-linking. At very high doses, the 

* Corresponding author. E-mail: zxc7@psu.edu. 

copolymer becomes totally amorphous. Macchi et al. also 
observed the disappearance of the ferroelectric phase 
in the copolymer due to irradiation and the transforma- 
tion of the dielectric behavior from a strong first-order 
ferroelectric-paraelectric (F-P) transition peak to a 
broad dielectric peak at ambient temperatures much 
below the original F-P transition temperature in unir- 
radiated copolymers.^-^ The observed broad dielectric 
behavior in the irradiated copolymers was suggested to 
be an indication of a ferroelectric spin glass state.^ 

More recently, we reported that P(VDF—TrFE) co- 
polymers with VDF contents below 70 mol % exhibit a 
slim polarization hysteresis loop at room temperature, 
following high-energy electron irradiation. Furthermore, 
because of the large magnitudes of conformational 
motions accompanying the interconversion between the 
all-trans (polar-phase) and trans-gauche (nonpolar 
phase) states, the electric-field-induced reversible po- 
larization change results in a very high electrostrictive 
strain (~5%, Figure la) and a high strain energy 
density, as well as a much improved electromechanical 
efficiency.^"' 

10.1021/maO 112265 CCC: $22.00     © 2002 American Chemical Society 
Published on Web 12/20/2001 
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Figure 1. (a) Longitudinal strain response vs electric field 
(1 Hz) observed In electron-irradiated 68/32 copolymer films 
at room temperature, (b) Temperature dependence of the 
dielectric constant at frequencies of 100, 300, IK, 3K, lOK, 
30K, lOOK, 300K, and 1 MHz for stretciied 68/32 film irradi- 
ated at 100 °C with 75 Mrad dose. Inset is the measured 
relationship (square) between the frequency and dielectric 
constant peak temperature and the fitting results (solid line) 
using the Vogel-Fulcher relationship. 

In addition, in a detailed study of dielectric and 
polarization behavior, it was shown that the irradiated 
copolymer exhibits a Vogel-Fulcher type dielectric 
relaxation as shown in Figure lb. 

/= .^exp 
-rn 

7;,w - r, 

where /is the measuring frequency, Tmifi is the corre- 
sponding dielectric peak temperature, To and fo are 
constants, and T{ is often regarded as the freezing 
temperature of a dipolar system (if the system Is a 
dipolar glass). At temperatures below Tu a ferroelectric 
state can be induced by a high electric field, while the 
remanent polarization increases gradually as the tem- 
perature is lowered. These features are very similar to 
those observed in inorganic relaxor ferroelectrlcs, and 
hence, the irradiated copolymer can be regarded as a 
polymeric relaxor ferroelectric, a "polar glass" sys- 
tem.^'O" 

In this paper, we will discuss in detail the mlcrostruc- 
tural changes occurring in this class of materials and 
the effects of irradiation-induced defects on the polar 
domains and crystallite sizes. As reported recently, the 
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copolymer with a VDF/TrFE ratio of 68/32 mol % 
exhibits the best electromechanical performance at room 
temperature after irradiation.^'^ Thus, we devote the 
current paper to a discussion of the macroscopic polar- 
ization responses and thermodynamic behavior of this 
composition in light of our analysis of its polarization, 
dielectric properties, and DSC data. It must be pointed 
out that although the macroscopic properties of the 
irradiated 68/32 copolymer were observed to exhibit 
similar trends to those of the 50/50 copolymer studied 
earlier, a detailed study the 68/32 mol % composition 
was considered desirable to compare the material and 
microstructural properties of these two compositions 
and to provide a conceptually Improved picture of 
relaxor behavior In polymers. 

With regard to the structural characterization, In an 
X-ray diffraction study to be described In this paper, a 
(110, 200) peak was observed at room temperature and 
at a temperature exceeding the Curie temperature. 
(Previously in the irradiated 50/50 copolymer this peak 
was recorded only at room temperature.'^) These data 
lead to (1) a clearer picture of the microchanges in 
crystalline sizes and lattice spaclngs perpendicular to 
the chain direction and to (2) an Improved understand- 
ing of the effects of Irradiation-induced defects. More 
importantly, an X-ray diffraction (001) peak in the 
present study was analyzed to delineate the Irradiation 
effect on the crystal size along the molecular chain 
direction and on the molecular conformations. The 
conformatlonal changes were further confirmed by 
means of a Fourier transform Infrared spectroscopic 
(FT-IR) study. When the results of the structural 
analysis are considered along with the macroscopic 
properties, a more refined picture emerges that de- 
scribes the nature and role of the Irradiation-Induced 
defects. 

II. Experimental Section 
P(VDF-TrFE) copolymer at the composition 68/32 mol % 

was chosen for this investigation. Among all the compositions 
investigated, this composition exhibits the highest room tem- 
perature electrostrictlve responses. This is a result of the 
competition Iwtween the strain achievable in the copolymer 
due to conformatlonal changes, which become large with VDF 
content, and the electron dose required to convert the copoly- 
mer into an electrostrictlve material, which also Increases with 
VDF content.'^ Increased electron dose will cause a large 
reduction in the crystallinity and as well as an increase in 
cross-linking density. These structural changes are detrimen- 
tal to the electrostrictlve strain. 

The copolymer films used in this investigation were fabri- 
cated by solution casting and then uniaxially stretched at room 
temperature to 5 times of the original length. The thickness 
of films was in the range between 15 and 30 //m. The films 
were annealed before irradiation to Improve the crystallinity. 
The irradiation was carried out in a nitrogen atmosphere at 
100 °C with an electron energy of 1.2 MeV. It was found that 
irradiation at a temperature higher than the F-P transition 
reduces the doses needed to eliminate the room temperature 
polarization hysteresis and to achieve high electrostrictlve 
strain. This could be due to increased chain mobility in the 
paraelectric phase, facilitating the polymorphic transforma- 
tions. The irradiation was carried out in a dose range from 0 
to 1.75 X 10^ Gy. To stay consistent with our previous 
publications, the unit of dose used here is rad and Mrad (1 
Mrad = lO^ rad and 1 Gy = 100 rad). 

The X-ray experiments were performed at the National 
Synchrotron Light Source beam line X18A of the Brookhaven 
National Laboratory (the X-ray wavelength was 1.2399 A). The 
(200,110) peak reported here was obtained using the reflection 
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scan, while the (007) peeik was obtained using the tremsmission 
scan. The FT-IR spectra at room temperature were obtained 
using a BIO-RAD WIN Fourier transform IR spectrophotom- 
eter In the spectral region 4000-400 cm"'. The high-temper- 
ature FT-IR spectra were measured using a high-temperature 
optical cell. The DSC data were taken with a scan rate of 10 
or 20 °C/mln using (TA Instruments, DSC2920). Gold-sput- 
tered electrodes were used on films used for the characteriza- 
tion of the polarization responses. The dielectric properties as 
a function of the temperature of the films were measured with 
a LCR meter (HP 4284A) equipped with a temperature 
chamber with a scan rate of 2 "C/mln. The polarization 
hysteresis loops were acquired by a computer-controlled 
automatic system based on the Sawyer—Tower circuit. 

III. Results and Discussion 
3.1. Polarization Responses and Transitional 

Behavior in Copolymers with Different Doses. The 
polarization hysteresis loops measured at room tem- 
perature at 1 Hz for the copolymer films treated with 
different doses are presented in Figure 2a. The maxi- 
mum induced polarization under 150 MV/m field P^, the 
remanent polarization Pr, and coercive field E^ extracted 
from the polarization loops are summarized in Figure 
2b. The data show a slow and continuous decrease of 
Ps with irradiation dose, a trend related to the conver- 
sion of the normal ferroelectric state into a nonpolar 
state and the reduction of the crystallinity in the 
polymer, as has been discussed in an earlier publica- 
tion.^ In contrast, a large drop in both E^ and Pr with 
dose is prominent, especially in the dose range between 
35 and 70 Mrads. As a result, the sample irradiated with 
75 Mrad exhibits the highest electrostrlctive strain yet 
it displays only minor hysteresis. Interestingly, beyond 
75 Mrad, there is an increased polarization hysteresis 
(reentrant hysteresis). In some of the samples irradiated 
with 100 Mrad dose, this reentrant hysteresis can be 
quite large as illustrated in Figure 2c. One possible 
cause for the observed reentrant hysteresis (ferroelec- 
tricity) is the high cross-linking density in the polymer 
irradiated with high doses.'^"'^ Two cross-linking points 
located in close positions along the chains force a closer 
packing of the polymer chains in between, favoring the 
all-trans conformation and formation of small polar 
pockets. This reentrant behavior is also observed in 
X-ray data presented below. 

The evolution of the dielectric behavior with irradia- 
tion dose is shown in Figure 3, which exhibits trends 
similar to those observed in Figure 2. For instance, the 
peak temperature associated with the original F-P 
transition decreases with dose, indicating the weaken- 
ing of the F-P transition; above 75 Mrad, it moves up 
slightly. For doses below 35 Mrad, the transition peak 
is still relatively sharp and exhibits thermal hysteresis. 
That is, the peak position measured during a heating 
scan is different from that during a cooling scan, an 
indication of a first-order transition. For samples ir- 
radiated with doses above 35 Mrad, the dielectric peak 
broadens and thermal hysteresis disappears. As will be 
shown from the FT-IR data, in samples irradiated with 
doses near 70 Mrad, the broad dielectric peak actually 
does not correspond to a phase transition, but the 
polymer remains in a nonpolar phase even at temper- 
atures far below the dielectric peak, reminiscent of the 
relaxor ferroelectric behavior in ceramics. 

Interestingly, using the dielectric data, we found that 
the Vogel-Fulcher law can, in fact, be used to fit the 
change of the dielectric peak temperature with fre- 
quency, even for the unirradiated copolymer, which is 
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Figure 2. (a) Polarization hysteresis loops measured at room 
temperature and 1 Hz for copolymer films Irradiated with 
different doses. For the polarization level from high to low, 
the corresponding dose is 0, 20, 35, 50, 75, and 175 Mrad, 
respectively, (b) Spontaneous polarization Ps, permanent 
polarization Pr, and coercive field £ vs irradiation dose, where 
P5, Pr, and Ec were measured at room temperature and 1 Hz 
using an electric field with an amplitude of 150 MV/m. (c) 
Polarization hysteresis loops for films irradiated with 75,100, 
and 175 Mrad. 

a typical normal ferroelectric. This observation supports 
an early theoretical result by Tagantsev that the Vogel- 
Fulcher dielectric behavior can also be observed in a 
dielectric system with a broad dielectric relaxation 
distribution that broadens gradually with decreasing 
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100 

Temperature (°C) 
Figure 3. Temperature dependence of dielectric constant at 
1 kHz measured during cooling of irradiated copolymers. The 
irradiation doses in Mrad are indicated in the figure. 

temperature.'* The gradual freezing of a dipolar system 
with temperature is not a necessary condition for the 
presence of Vogel-Fulcher dielectric behavior. 

DSC data for the irradiated copolymers are sum- 
marized in Figure 4 (acquired during heating of the 
samples). The data show that in general both the peak 
temperature and the enthalpy of the melt decrease with 
dose, due to the decrease in crystallinity and reduced 
crystalline ordering in the pol)mier, except for the 
samples irradiated at 10 Mrad. The melt enthalpy of 
the copolymer irradiated with the 10 Mrad dose is 
actually higher than thait without irradiation, implying 
an Increase in the crystallinity. Such an increase in 
crystallinity with irradiation had been observed earlier 
and is probably caused by chain scission in the copoly- 
mer allowing for an increase in the chain mobility and 
hence the crystallinity.'^ At higher doses, the cross- 
linking becomes dominant with a reduction in crystal- 
Unity.'^-is 

The peak associated with the original F-P transition 
of the unirradiated sample changes with dose quite 
remarkably, which is in sharp contrast with the behav- 
ior of the melt transition. For samples irradiated with 
doses above 50 Mrad, the F-P transition peak almost 
disappears, and the temperature of the very weak F-P 
transition changes only to a minor extent with dose 
(Figure 4b,c). In addition, the peak temperature from 
DSC data (~45 °C) for the copolymers irradiated in this 
dose range is higher than the temperature of the broad 
dielectric maximum (~20 °C), suggesting that the two 
are associated with different phenomena. It is likely that 
the weak DSC peak observed here originates from the 
small residual polar regions in the copolymer, while the 
dielectric maximum results from the collective dipole 
responses and thus involves relatively long-range di- 
polar motions. 

3.2. Structure Changes on the Micro- and Me- 
soscaies. 3.2.1. Evolution of Crystal with Dose As 
Revealed by Room Temperature X-ray Data. X-ray 
data were obtained for copolymers irradiated with 
different doses, including diffraction peaks perpendicu- 
lar and parallel to the polymer chains, to follow struc- 
tural changes in both directions. The data from the (110, 
200) diffraction peak, which are due to changes in 
polymer interchain spacing and ordering perpendicular 
to the chains in the crystalline regions, are presented 
in Figure 5. The corresponding data for the (00J) 
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Figure 4. (a) DSC data collected by heating irradiated 
copolymer from —40 to 200 °C. From top curve to tiottom curve, 
the corresponding doses are 0, 10, 20, 35, 50, 65, 75, 85, and 
100 Mrad, respectively, (b) Melt temperature and F-P transi- 
tion temperature, (c) Melting enthalpy and phase transition 
enthalpy for copolymer irradiated with different doses. 

diffraction peak, which arise from the dimensional 
changes of unit cell along the polymer chain, are 
presented in Figure 6. Both data sets were acquired at 
room temperature. 

The crystalline phase of P(VDF-TrFE) copolymers 
has an orthorhombic unit cell in which the c-axis is 
parallel to the polymer chain.'^ Because the ratio of the 
lattice constants of the unit cell along the "a" and "6" 
axes (perpendicular to the chains) Is close to Vs, the 
lattice has a quasi-hexagonal structure, resulting in the 
overlap of the (110) and (200) reflections. 

We first discuss the X-ray data from the (00/) reflec- 
tion. Clearly, there are two peaks at W = 28.29° and 
26 = 31.53°. The peak at 20 = 28.29° (corresponding to 
a lattice space of 0.2537 nm) originates from the (001) 
reflection in the ferroelectric (F) phase, while the peak 
at 20 = 31.53° (corresponding to a lattice space of 0.4564 
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Figure 5. The (200, 110) diffraction peak observed at room 
temperature using the reflection scan for copolymer films 
irradiated with different dose. The number in the figure 
expresses the dose in Mrad. 
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Figure 6. The (001) diffraction peak observed at room 
temperature using the transmission scan for copolymer films 
irradiated with 0, 20, 35, 75, and 100 Mrad. 

nm) originates from the (002) reflection in the nonpolar 
(NP) phase, i.e., the paraelectric a-phase or 3-phase.'*'^^ 
The data from the (007) reflection (Figure 6) demon- 
strate quite clearly that the polymorphic transformation 
caused by irradiation is a first-order process between 
the F and NP phases. That is, the intensity of the (001) 
peak in the F phase decreases while the intensity of the 
(002) peak in NP phase increases with dose. There are 
two features that should be noted here: (i) Although 
there is a large variation in the peak intensity for the 
F and NP phases as the dose changes, the peak position 
remains nearly the same for all the doses. (11) The 
evolution of the F phase peak with dose also displays a 
reentrant behavior. Initially, as the dose increases, the 
peak intensity decreases until a dose of 75 Mrad is 
reached, at which point the sample shows very little sign 
of the presence of a F phase peak. Beyond 75 Mrad, 
there is a gradual increase in the peak intensity for the 
F phase. This reentrant behavior is consistent with 
observations from polarization loops and dielectric data 
for the same doses. 

By employing the Scherrer equation, the size of the 
coherent X-ray reflection region Dhucan be estimated,'^ 

n 0-9A 
'^     Bcos(9) 

where A is the X-ray wavelength, B is the full width at 
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Figure 7. (a) Irradiation dose dependence of crystallite size 
Dooi parallel to the molecular chain at room temperature, (b) 
Dose dependence of crystalline size Z^oo.no (solid line) and 
interchain spacing c/(2ooiio) (dotted line) measured at room 
temperature. The data indicate a lattice expansion perpen- 
dicular to the chain and contraction along the chain, respec- 
tively, in the dose range from 0 to 50 Mrad. 

half-maximum (fwhm) of the reflection peak (hklj, and 
6 is the peak position. In the F phase, the coherent X-ray 
reflection region is determined by the polarization 
domain size; in the NP phase, it corresponds to the 
crystallite size. In Figure 7a, we plot Dooi for the F phase 
and NP phase measured for samples treated with 
different doses. Before irradiation, the polar domain size 
of the F phase along the c-axis is about 15 nm. This 
value decreases with dose, due to the defects introduced 
by the irradiation, which break up the polarization 
coherence. In samples irradiated with a dose of 35 Mrad, 
Dooi for the F phase is reduced to 10 nm; for samples 
treated with doses beyond that, the peak intensity of 
the F phase drops precipitously. The NP phase peak is 
visible even in samples irradiated with very low doses, 
a result that can be attributed to the domain boundary 
region and can account for its broad appearance. In 
samples treated with doses higher than 50 Mrad, the 
NP phase peak dominates; the coherent crystallite size 
along the polymer chain for this phase is about 5 nm, 
which is much smaller than that in the F phase. 

In contrast, the X-ray data from the (110, 200) 
reflection, which results from changes of the lattice 
parameters with doses perpendicular to the polymer 
chains, show a markedly different evolution behavior. 
First, the data do not display a clearly defined two-peak 
pattern. Furthermore, the X-ray peak position changes 
continuously with the irradiation dose. For instance, 
from 0 to 35 Mrad, the peak at the original F phase 
moves to a lower angle, indicating a continuous expan- 
sion in the interchain dimension as shown in Figure 7b. 
Concomitantly, there is a reduction of the ferroelectric 
domain size from 15 to 7.5 nm. The expansion in the 
interchain dimension and the reduction of the ferro- 
electric domain size with the dose in this range indicate 
that the surface of ferroelectric domain changes to a NP 
phase. At 35 Mrad, the existence of the NP phase can 
be observed in the X-ray data as shown in Figures 5 
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and 7b. As the dose Increases from 35 to 50 Mrad, the 
peak position moves to that of the NP phase, indicating 
that the crystal now is predominantly nonpolar. Con- 
sistent with this shift in the peak position, the (110, 200) 
peak width also shows a large reduction, because of the 
disappearance of the ferroelectric domains. In any case, 
at 50 Mrad, there are still some ferroelectric domains 
with very small sizes as shown in Figure 7b. For doses 
beyond 50 Mrad, there is only a negligible variation in 
the peak position. Meanwhile, in the same dose range, 
the peak width of the (110, 200) reflection decreases 
continuously until near 75 Mrad, where A 10,200 reaches 
70 nm, which is close to the crystallite size measured 
in the paraelectrlc phase, as will be shown in the next 
section. Increasing the dose to 100 Mrad causes a 
further reduction of A 10,200 to about 26 nm, caused by 
the reduction of the crystallite size due to increased 
cross-linking density. 

The results show unequivocably that the ferroelectric 
domain size in unlrradlated samples is nearly isotroplc 
(~15 nm). In P(VDF-TrFE) copolymers, the lattice 
symmetry dictates the polarization direction between 
neighboring domains in angles of 60°, 120°, and 180°.2'' 
For a ferroelectric material in equilibrium, the domain 
size is determined by the domain wall energy, coupling 
between domain walls, arid crystallite slze.^'zz In the 
polymers investigated here, because of the high nucle- 
ation barriers and the high defect concentrations, we 
believe that the domain size is controlled mainly by 
defects in the crystallites and the crystallite-amorphous 
boundary conditions, which can also be regarded as 
defects. Therefore, with increased doses, the concentra- 
tion of defects (such as chain ends and pendant groups 
generated by chain scission) in the crystallites also 
increases, resulting in the observed reduction of the 
polarization domain size. Eventually, as the domain size 
is reduced to a value below a certain critical size, the 
macroscopic polarization state becomes unstable with 
respect to the nonpolar phase, leading to the disappear- 
ance of the macroscopic polarization. From the data 
here, it is not clear that the domain size, whether along 
or perpendicular to the polymer chain, or both, deter- 
mines this critical size. From the strong intrachain 
coupling as well as the recent experimental results on 
the presence of a two-dimensional ferroelectric state in 
P(VDF-TrFE) films of a few molecular layers thlck,^^ 
it seems reasonable to assume that the polar domain 
size along the polymer chain may play a more important 
role. 

3.2.2. Temperature Dependence of X-ray Data 
for Copolymers with Different Doses. Presented in 
Figure 8 are tfpical X-ray data taken from the (110, 200) 
reflections as a function of temperature for copolymers 
irradiated with different doses (0, 35, 50, and 75 Mrad). 
The data from samples irradiated with a 0-35 Mrad 
dose show a first-order F-P transition with temperature 
(two-phase coexistence region). In the nonpolar phase, 
the X-ray peak width, which becomes quite narrow, is 
determined by the coherent X-ray scattering region or 
approximately by the crystallite size along the <110, 
200) direction. It is interesting to note that the peak 

width of the paraelectrlc phase (nonpolar phase) is 
nearly the same as that measured at room temperature 
in copolymers Irradiated with 65-85 Mrad doses. This 
is consistent with the fact that the NP phase is 
dominant in polymers in that dose range. In samples 
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Figure 8. The (200,110) diffraction peak observed at different 
temperatures using the reflection scan for unlrradlated film 
(a) Mid line, 110 °C; dotted line, 90 °C; 60 °C and RT data 
are indicated) and Irradiated films with different doses (solid 
line, 90 °C; dotted line, 60 °C; RT and 40 °C data are indicated 
in the figure): (b) 35 Mrad dose, (c) 50 Mrad dose, and (d) 75 
Mrad dose. "RT" is room temperature. 
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Figure 9. Dose dependence of crystalline size £^00,110 and 
Interchain spacing ^(zoo.iio) measured at high temperature 
(nonpolar phase). 

irradiated at 50 Mrad or higher doses, a transition is 
not observed, and the lattice constant exhibits a typical 
thermal expansion curve of the nonpolar phase. 

The data also show that the crystallite size perpen- 
dicular to the polymer chain is not affected by the 
irradiation until above 85 Mrad (Figure 9). On the other 
hand, the crystallite size parallel to the chain is reduced 
by the irradiation even at doses far below. For example, 
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Figure 10. FTIR data of P(VDF-TrFE) 68/32 copolymer film 
at room temperature, (a) Spectrum for stretched film before 
irradiation and stretched film irradiated at 100 °C with 75 
Mrad using 1.2 MeV electrons, (b) Fraction of different 
conformations in film vs irradiation dose. 

above 75 Mrad and at room temperature, the copolymer 
is in the nonpolar phase; therefore, the X-ray peak width 
should be that defined by the crystallite size. This is 
exemplified in Figure 7 where £boi, which is the 
crystallite size along the {001) direction, is about 5 nm. 
This is much smaller than that of the ferroelectric 
domain size in the copolymer before irradiation. 

3.2.3. Conformational Changes with Dose and 
Temperature. The FT-IR spectra obtained on copoly- 
mers irradiated at different doses measured at room 
temperature are shown in Figure 10a (dose = 0, 35, and 
75 Mrad). To quantify the conformational change with 
dose, we focus on three absorbance peaks at 1288 cm"' 
for the long trans sequence (7'm>3), 614 cm"' for the 
trans-gauche (TG), and 510 cm"' for the T3G confor- 
mations, which are due to the vibration of the CF2 
group.^* Before irradiation, the spectrum is character- 
ized by a strong absorbance peak at 1288 cm"', which 
diminishes with irradiation dose. In Figure 10b, we 
present a summary of the change of the three conforma- 
tions with dose, extracted from the data in Figure 10a. 
In the extraction process, each absorbance peak was 
fitted to a Lorentzian shape. To account for possible 
variations in the sample thickness and therefore the 
absorbance, an internal standard (at 3022 cm"', which 
is the asymmetric stretching vibration of C-H bond) 
was used to calibrate those absorbance peaks of inter- 
est.^^ The fraction of each conformation can be calcu- 
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lated (data in Figure 10b) following the method of Osaki 
et al.,26 

F,= 
A 

A + Ai + A in 

where i = I, II, III, and Ai, An, and Am are the 
absorbances of crystal forms I, II, and III, i.e., with all- 
trans (rm>3). T3GT3G', and TGTG' sequences, respec- 
tively. Ft is the fraction of chain conformation i. Prior 
to irradiation, the conformation of the samples is 
predominantly all-trans because of the ferroelectric 
nature of the material. The absorption bands are due 
to small concentrations of TG and T3G conformations 
in the domain boundary regions and as well as in the 
interphase regions between the crystallite and amor- 
phous phases, as has been observed in the X-ray data. 
The trends in the conformational changes with dose are 
very similar to those observed in the X-ray data. All 
three conformations exhibit slow changes with doses 
below 35 Mrad, but at higher doses, large changes occur. 
For example, at 75 Mrad, the all-trans conformation 
disappears and is replaced by T3G conformations ran- 
domly mixed with TG conformations, consistent with 
the X-ray results that demonstrate that the crystallite 
is in the NP phase. 

Prior to irradiation, there is a large and relatively 
sharp change in the chain conformation in P(VDF- 
TrFE) copolymer due to the phase transition from a 
nonpolar phase to a polar phase as the temperature is 
lowered through the F-P transition. However, for 
relaxor ferroelectrlcs, extensive investigations such as 
Raman scattering experiments carried out on inorganic 
materials have shown that there is a gradual increase 
of the population of micropolar regions as the temper- 
ature is reduced.2^ In other words, there is a local 
symmetry breaking from the nonpolar to polar ordering 
even though macroscopically the sample remains non- 
polar. ^^ Now the question is whether a similar explana- 
tion applies to the irradiated copolymer. To examine this 
question, we consider the data showing the conforma- 
tional changes as the temperature is varied for the three 
samples under different dose treatments (Figure 11). 
In the unirradiated samples, the absorbance peak 
intensity remains nearly constant at temperatures 
below 70 "C. The data point at 100 °C suggests a 
transition to the nonpolar phase, as indicated by the 
drop of the peak intensity due to the all-trans conforma- 
tion and the increase in peak intensities attributed to 
the T3G and TG conformations.^^ In samples irradiated 
with a 35 Mrad dose at 100 °C, the chain conformation 
is mainly T3G, and there is very little indication of the 
all-trans conformation (the polar conformation). As the 
temperature is reduced, the all-trans conformation 
increases nearly linearly until 30 °C. This can be 
compared with the dielectric data where a weakly first- 
order transition was observed to begin at about 30 °C. 

In contrast, in the sample irradiated with 75 Mrad 
at temperatures above 30 °C, there is no suggestion of 
the all-trans conformation, although a small increase 
of the all-trans chain conformation is seen at lower 
temperatures, coinciding with the Vogel-Fulcher tem- 
perature. If. This behavior contrasts sharply with that 
observed in samples not exposed to irradiation as well 
as samples Irradiated with 35 Mrad, demonstrating that 
the broad dielectric peak does not correspond to a broad 
phase transition between a polar and nonpolar phase. 
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Temperature ("C) 
Figure 11. Temperature dependence of fractions of different 
conformations in stretched 68/32 copolymer films: (a) unir- 
radlated, (b) irradiated with 35 Mrad dose, (c) irradiated with 
75 Mrad dose. 

Furthermore, the absence of the all-trans conformation 
and only minor changes In chain conformations at 
temperatures above the broad dielectric peak are in- 
dicative of behavior that differs from that observed in 
relaxor ferroelectrics in inorganic relaxor ferroelectrics, 
in which there is a large increase in the population of 
local polar regions with reduced temperature, even at 
temperatures far above the broad dielectric constant 
peak.^* 

IV. Summary 

High-energy electron irradiation was carried out at 
100 °C on previously solution cast and subsequently 
stretched P(VDF-TrFE) 68/32 mol % copolymer films, 
with doses from 0 to 175 Mrad using 1.2 MeV electrons. 
The polarization behavior of the irradiated copolymer 
Indicates that there is an optimized dose (i.e., 75 Mrad) 
required to generate a slim P-E loop with relatively 
high polarization levels at room temperature, which 
describes a copolymer exhibiting the best electrome- 
chanical performance. The structural causes of this 
phenomenon were explored by means of X-ray diffrac- 
tion, FT-IR, and DSC measurements. It was found that 
irradiation lowers the ferroelectric-to-paraelectric phase 
transition temperature and leads to the disappearance 
of this transition. More importantly, the irradiation 

transforms the structure of the crystalline regions from 
polar, characterized by an all-trans configuration in the 
molecular chains, to a nonpolar state, represented by 
the trans-gauche conformations in the moleculEir chains. 
However, in copolymers irradiated with higher doses 
(exceeding 75 Mrad), a reentrant polarization hysteresis 
is observed in the material, and at very high doses 
(~150 Mrad), the copolymer is completely transformed 
into an amorphous phase, as characterized by a linear 
dielectric response. 

The X-ray data indicate that as the dose increases, 
there is a gradual increase of the Interchain spacing 
with doses from 0 to 50 Mrad, and on the other hand, 
the lattice constant along the chain exhibits a first-order 
transition process with dose (a discontinuous change 
between two phases), a reflection of strong Intrachain 
coupling between the polar and nonpolar regions, and 
weak interchain coupling between them. Concomitant 
with this process, the ferroelectric domain size decreases 
with dose, and as the polar domain size is reduced to 
below a critical size (a few nanometers), the ferroelectric 
state becomes unstable and the crystalline region 
transforms into a nonpolar state (at doses above 50 
Mrad). For the irradiated copolymers exhibiting slim 
polarization loops at room temperature (dose > 50 
Mrad), the FT-IR data reveal that there is no significant 
change In the polymer chain conformations as the 
temperature passes through the dielectric maximum, 
consistent with the DSC data showing the disappear- 
ance of the regular F-P transition. Interestingly, the 
Vogel-Fulcher relationship was observed for the di- 
electric data even for the copolymers without much 
irradiation. Indicating that Vogel-Fulcher dielectric 
behavior is not necessarily associated with the gradual 
freezing of a polar system. 

Acknowledgment. 
DARPA and ONR. 

This work was supported by 

References and Notes 

(1) Charlesby, A. Radlat. Phys. Chem. 1991, 37, 5. 
(2) Lovlnger, A. In Radiation Effects on Polymers; Clough, R. L., 

Siialaby, S. W., Eds.; ACS Symposium Series 475; American 
Chemical Society: Washington, DC, 1991; Chapter 6. 

(3) Lovlnger, A. Macromolecules 1985, 18, 910. 
(4) Daudln, B.; Dubus, M.; Legrand, J. F. J. Appl. Phys. 1987, 

62, 994. 
(5) Macchl, F.; Daudln, B.; Legrand, J. F. Ferroelectrics 1990, 

109, 303. 
(6) Odajlma, A.; Takase, Y.; Ishibashl, T.; Yuasa, K. Jpn. J. Appl. 

Phys. 1985, 24, 881. 
(7) Zhang, Q. M.; Bhart:i, V.; Zhao, X. Science 1998, 280, 2101. 
(8) Cheng, Z.-Y.; Bhartl, V.; Xu, T. B.; Xu, H. S.; Mai, T.; Zhang, 

Q. M. Sens. Actuators, A 2001, 90. 138. 
(9) Bhartl, V.; Xu, T.-B.; Cheng, Z.-Y.; Mai, T.; Zhang, Q. M.; 

Ramotowski, T.; Wright, K. A. Jpn. J. Appl. Phys. 2001, 40, 
672. 

(10) Zhang, Q. M.; Cheng. Z.-Y.; Bhart;!, V. Appl. Phys. A: Mater. 
Scl. Process. 2000, 70, 307. 

(11) Bhartl, v.; Zhang, Q. M. Phys. Rev.BZOOl, 63. 184103. 
(12) Zhang, Q. M.; Schelnbeim, J. Electric Polymers. In Electro- 

active Polymer Actuators as Artificial Muscles, Bar-Cohen, 
Y., Ed.; SPIE Optical Engineering Press: Belllngham, WA, 
2001; Chapter 4. 

(13) Bhartl. V.; Xu, H. S.; Shanthl. G.; Zhang, Q. M.; Liang, K. J. 
Appl. Phys. 2000, 87. 452. 

(14) Forsythe, J. S.; Hill, D. J. T. Prog. Polym. Scl. 2000, 25. 101. 
(15) Lyons, B. J. Radiant. Phys. Chem. 1995, 45, 159. 
(16) Tagantsev, A. K. Phys. Rev. Lett. 1994, 72, 1100. 



672   Cheng et al. Macromolecules, Vol. 35, No. 3, 2002 

(17) Pae, K. D.; Bhateja, S. K.; Gilbert, J. R. J. Polym. Set. Polym. 
Phys. 1987, 25, 717. 

(18) Hasegawa, R.; Takahashi, Y.; Chatani, Y.; Tadokoro. H. 
Polym. J. 1972, 3, 600. Toshlro, K. In Ferroelectric Polymers. 
Nalwa, H. S., Ed.; Marcel Dekker: New York, 1995; Chapter 
2. 

(19) Warren, B. E. X-ray Diffraction, Dover Publications: New 
York, 1990. 

(20) Kepler, R. G.; Anderson, R. A. J. Appl Phys. 1978, 49, 1232. 
Naegele, D.; Yoon, D. Y. Appl Phys. Lett. 1978, 33, 132. 
Tashiro, K.; Kobayashi, M. Polymer 1986, 27, 667. 

(21) Arlt, G. J. Mater Sci. 1990, 25. 2655. 
(22) Lines, M. E.; Glass, A. M. Principles and Applications of 

Ferroelectrics and Related Materials; Clarendon Press: Ox- 
ford, 1977. 

(23) Bune, A. V.; Fridkln, V. M.; Ducharms, S.; Blinov, L. M.; 
Palto, S. P.; Sorokin, A. V.; Yudin, S. G.; Zlatkin, A. Nature 
1998, 391. 874. 

(24) Reynolds, N. M.; Kim, K. J.; Chang, C; Hsu, S. Macromol- 
ecules 1989, 22. 1092. 

(25) Kobayashi, K.; Tashiro, K.; Tadokoro, H. Macromolecules 
1975, 8, 158. 

(26) Osakl, S.; Ishida, Y. J. Polym. Sci., Polym. Phys. 1975, 13, 
1071. 

(27) Bums, G.; Dacol, F. H. Ferroelectrics 1990, 104, 25. 
(28) Cross, L. E. Ferroelectrics 1987, 76, 241. 
(29) Tashiro, K.; Kobayashi, M. Phase Transitions 1989, 18, 213. 

MAOl 12265 



APPENDIX 20 



APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 6 11 FEBRUARY 2002 

High-performance micromachined unimorph actuators based on 
electrostrictive poly(vinylidene fiuoride-trifluoroethylene) copolymer 
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We report on the performance of micromachined unimorph actuators [(polymer micromachined 
actuator PMAT)] based on the electrostrictive poly(vinylidene fluoride-trifluoroethylene) [P(VDF- 
TrFE)] copolymer. Because of the high electrostrictive strain and high elastic energy density 
(~ 1 J/cm^) of the active polymer [the electrostrictive P(VDF-TrFE)], the PMAT exhibits a very 
high stroke level with high load capability and high displacement voltage ratio. In addition, the 
experimental data also demonstrate that the PMAT is capable of operating over a broad frequency 
range (> 100 kHz). The PMAT performance was modeled and the agreement between the modeling 
results and experimental data confirms that the response of the PMAT indeed follows the design 
parameters. © 2002 American Institute of Physics.   [DOI: 10.1063/1.1448661] 

Microelectromechanical systems (MEMS) have shown 
great potential and impact on a broad range of modem tech- 
nologies such as biotechnology, optical commvmications, au- 
tomobiles, and many other domestic and military 
applications.'"^ Microactuators are a key component in 
MEMS. However, in spite of more than a decade of efforts, it 
is still a challenge to realize microactuators capable of oper- 
ating over a broad fi-equency range with high force level and 
large displacement output."*"^ The fundamental reason be- 
hind this is the lack in the present active material or actuation 
mechanism which possesses high elastic energy density with 
high strain capability over a broad frequency range. Re- 
cently, we reported that in modified poly(vinylidene 
fluoride-trifluoroethylene) [P(VDF-TrFE)] polymers, a 
massive electrostriction with high elastic enei;gy density can 
be achieved.*'' Especially in uniaxially stretched polymer 
samples, an electrostrictive strain larger than 3.5% with high 
load capability (—40 MPa) along the film stretching direc- 
tion has been demonstrated, which makes the polymer attrac- 
tive for microactuators.' It is the purpose of this letter to 
investigate the microactuator device performance of new 
class of active polymer [polymer microactuator (PMAT)]. 

The PMAT configuration adopted for this investigation is 
shown schematically in Fig. 1. The active polymer, which is 
a film (~ 10 /.tm thickness) of uniaxially stretched and high 
energy electron irradiated P(VDF-TrFE) copolymer, is 
bonded to an inactive polymer film using Spurr epoxy to 
form a unimorph actuator. In the current design, the inactive 
polymer is of the same material as the active polymer except 
there are no electrodes on the film. The active polymers were 
characterized for their electromechanical response. Under a 
field of 100 MV/m, a transverse strain {S{) of 3% was ob- 
served along the uniaxial stretching direction and the trans- 
verse strain perpendicular to the stretching direction (^2) 
was about 1/3 of 5] and negative. The elastic modulus along 
the imiaxial stretching direction is 1 GPa and is about three 
times larger than that in the perpendicular direction. In the 

current PMAT, the actuation is generated by the strain along 
the stretching direction (the x direction in Fig. 1) and the 
imimorph actuator is bonded to the silicon wafer with Spurr 
epoxy at the two ends (jc= ±1^12). Under an electric field, 
the expansion of the active polymer generates an upward 
motion of the PMAT (the z direction in Fig. 1). The two ends 
of the PMAT along the y direction are mechanically free to 
maximize the actuation. Sputtered Au electrodes are used 
and a 0.5 mm tmelectroded margin is provided to prevent 

(a) z 
t 

Polymer stretching direction 

Electrodes =:^ ^^^^^^  
__^y^^^^-Active polymer 

*- Inactive polymer 

Substrate 

(b)     Y 

"'Electronic mail: qxzl@psu.edu 

Polymer stretching direction 

FIG. 1. (a) Schematic of the PMAT investigated, (b) The electrode pattern 
of the PMAT active polymer (black area) where the electrode width along 
the X direction is the same as the device actuation length LQ in the same 
direction and along the^ direction, tfie unelectroded margin width is 0.5 nun 
to prevent the breakdown at the edges, (c) Schematic of the actuation re- 
sponse of the current PMAT under external fields: because of 5i>0, the 
actuator moves upward from the neutral position (z=0). 
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electric breakdown [Fig. 1(b)]. It is expected that this unelec- 
troded margin along the y direction will cause some reduc- 
tion of the actuator strain Si of the active polymer. 

Two groups of actuators were fabricated with different 
lengths of LQ (*e actuation length along the jc-direction): 
Io=lmm (PMATl) and Lo = 0.5mm (PMAT0.5). The 
width w (along thsy direction, Fig. 1) of PMATl is 4.5 mm 
and for PMAT0.5, w = 3mm. The inactive polymer film 
thickness t„ for the PMATl group is about the same as that 
{ta) of the active film and for PMAT0.5, t„ is about half of 
ta. The actuator pattern on the silicon wafer was fabricated 
using the standard bulk silicon micromachining technique 
(KOH anisotropic wetetching) as described in Refs. 10-12. 
The displacement response was measured by a laser vibro- 
meter (Polytec PI, Inc., model OFV-511) which has a beam 
size of 5 fim and upper measuring fi-equency of 100 kHz. An 
HP 4192 impedance analyzer was used for electric imped- 
ance characterization. To provide high dc bias voltages in the 
impedance measurement, a special blocking circuit was de- 
signed. 

For the PMAT investigated here, the actuation displace- 
ment along the z direction as a fimction of the coordinate x 
can be expressed as'^ 

z = a (1) 

where the two ends of the actuator are fixed at jt= ±LQ/2, as 
shown in Fig. 1(c). The constant a in the equation is deter- 
mined by effective strain S^ of the polymer films in the x 
direction, i.e.. 

fio/2 r 

J-Lo/li 

1/2 

dx = {\+S,)LQ, (2) 

which is based on the geometric constraint that the total 
length of the actuator after the actuation should be equal to 
the polymer film length after strain S^ ■ Because of the inac- 
tive polymer layer, S^ is different fl-om strain Sj of the active 
polymer measured in the free condition. From the force bal- 
ance condition in the x direction, S^ is related to 5] as 

EjaiS\~Se) — EjnSn' (3) 
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FIG. 2. (a) Displacement profile for PMATl (measured at 100 Hz under 100 
MV/m field) and PMAT0.5 (measured at 50 Hz under 65 MV/m field) along 
the X direction where the dots are measured data and solid curves are fitting 
from Eq. (1). (b) Displacement profile for PMATl along the y direction 
[measured under 52 MV/m dc bias field and 100 V (rms value) ac field at 
100 Hz]. 

results are shown in Fig. 2(b). The electrode width along the 
y direction is w==4.5 mm for PAMTl and the width at 90% 
of the actuation level is about 3.5 mm, indicating the clamp- 
ing effect due to the unelectroded margins. 

The displacement versus applied electric field was mea- 
sured for PMAl and the result is presented in Fig. 3(a). The 
results derived from the Eqs. (l)-(3) based on Si acquired 
fi-om an active film in free condition are also presented in 
Fig. 3(a) for comparison. The experimental data points fol- 
low the curve with clamping ratio ^=3 very well, which 
seems to be reasonable considering the fact that besides the 
inactive layer {k=l), there are Spurr epoxy layers (the elas- 
tic modulus G=5 GPa and thickness~ 1 /itm), Au electrodes 
(200 imi total thickness and elastic modulus ~ 100 GPa), 

which leads to S, = Si /(I +k), where k=(E„t„)I(Eja) is a 
measure of the clamping effect due to the inactive layer 
(clamping ratio). To include the contribution fi-om the metal 
electrodes and Spurr epoxy bonding layer, k should be modi- 
fied to k=(lE„it„i)/(Eata), where £„, and f„,- are the elastic 
modulus and thickness of ith inactive layer, respectively. It 
should be noted that in the derivation, we omitted the me- 
chanical clamping effect at the two fixed ends {x= ±LQ/2), 

which will reduce ^i even if A^=0. All of the analysis is 
based on the assumption that IQ^'. where t is the total 
thickness of the actuator. 

To evaluate the performance of the PMAT, we first 
present in Fig. 2(a) the displacement profiles measured on 
PMATl and PMAT0.5 as a fimction of x and along the line 
of >' = 0 [see Fig. 1(b)]. The solid lines are the fitting fi-om 
Eq. (1), which match the experimental results (dots) quite 
well, indicating that the unimorphs fimction properly. In ad- 
dition, the displacement profile as a fimction ofy along the 
x = 0 line for the PMATl was also characterized and the 
Downloaded 03 Feb 2002 to 146.186.113.169. Redistribution subject 
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Electric Field (lUIV/m) 

FIG. 3. (a) Displacement at the center of PMATl as a function of the 
applied electric ac field (10 Hz) urhere dots are the experiment data and solid 
curves are the calculation based on the Eqs. (!)-(3) and the data on 5, 
measured at the fi-ee condition of the active polymer at 10 Hz. In the figure, 
the calculated curves with the clamping ratios of A= 1 and i=3 are shown. 
The model curve is in good accord with the experimental data, (b) Compari- 
son of the displacement at the center of a PMAT measured in air (solid dots) 
and in silicon oil (open circles) as a fimction of applied electric field ampli- 
tude (100 Hz). There is very little reduction of the displacement due to the 
fluid loading. 
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fluid loading does not change the mode shape of the 
actuator)''' 

Too     za 
Frequency (kHz) 

FIG. 4. (a) Displacement voltage ratio (DVR) of a dc field biased (55 
MV/m) PMATI as a fianction of ac field fi^quency (the ac field is 0.64 
MV/m). The measurement was carried out both in air (solid dots) and in 
silicon oil (open circles). Due to the fluid loading, the resonance frequency 
is shifted to lower frequency. In the data taken from silicon oil, higher 
harmonics were also observed, (b) Electric impedance data of the same 
PMATI measured in air under the same applied dc and ac electric field. 
Strong electromechanical resonance was observed. 

imelectroded inargins, as well as the clamping effect from 
the two fixed ends. The maximum displacement of the uni- 
morph actuator reaches 60 fim, corresponding to S^ 
= 0.85% in the films. Such a high displacement output of the 
PMAT is due to the high strain level 5] in the active polymer. 
By reducing k to equal 1, the displacement output can be 
increased. It should be pointed out that in the current PMAT 
design, only the top polymer film is active, resulting in an 
upward motion of the actuator. If needed, one can alterna- 
tively drive the two polymer layers, which will result in the 
motion of the actuator in both upward and downward direc- 
tions to double the displacement output. 

The frequency dependence of PMATI was also charac- 
terized. Presented in Fig. 4(a) is the normalized displacement 
output measured in the frequency range from 10 Hz to 100 
kHz (the upper limit of the optic probe). In this measure- 
ment, a dc bias field of 55 MV/m was applied so that an 
effective piezoelectric state was induced. As can be seen, 
over four frequency decades, the displacement voltage ratio 
(DVR) decreases from 31 to 18 mnfV. The results demon- 
strate two main featiu-es of the PMAT investigated: (a) it 
possesses a high DVR, and (b) it is capable of operating over 
a broad frequency range. At 86 kHz, resonance was ob- 
served. Interestingly, when the same PMAT was operated in 
a liquid (silicon oil), the DVR remains nearly the same in the 
same frequency range. This result demonstrates the high load 
capability of the PMAT, which is due to the high elastic 
energy density of the active material utilized. In the fluid 
medium, the resonance is shifted to lower frequency (13.2 
kHz) due to the fluid loading, which should follow (if the 

fi\ in fluid 

//I = y{\+2Ap/Mpy'\ (4) 

where Mj, is the mass of the resonator plate and Ap accounts 
for the fluid loading effect. For the fimdamental resonance of 
the PMAT, it can be derived that (/,|i„fl„id)/(/,|i„vacuum) 
= 1/6.12, which is very close to the measured ratio of 
13.2/86= 1/6.5. For comparison, the electric impedance data 
measured under the same dc bias field for PMATI in air is 
presented in Fig. 4(b), where a strong electric resonance was 
also observed in the same frequency range, indicating the 
strong electromechanical coupling of the device. 

The displacement outputs measured under high electric 
field in air and in silicon oil are compared in Fig. 3(b) and 
again, there is very little reduction of the displacement in the 
silicon oil compared with that in air. The acoustic load (stress 
T) of the fluid medium on the device can be derived as T 
= 2 Zv = IZatz, where Z is the acoustic impedance of th6 
fluid medium (1.48 Mrayls here), v is the particle velocity, w 
is the angular frequency (200 Hz), and z is the particle dis- 
placement. From the data in Fig. 3(b) (z=50/im), T is 
about 0.2 MPa. For comparison, to generate such a high 
stress level using the electrostatic force (7^=0.560^^, so 
= 8.85X 10"'^ F/m is the vacuum permittivity, and E is the 
applied electric field) would require a field of about 200 
MV/m. Meanwhile, to generate a displacement output of 50 
/im in such a device would require 10000 V. Furthermore, 
the stress level for the PMAT here is still far below that 
which can be delivered by the active material used.' 

The authors wish to thank Professor L. E. Cross for dis- 
cussions concerning this work. This work was supported by 
NIH and DARPA. 

'W. E. Newell, Science 161, 1320 (1968). 
^D. L. Polla and L. F. Francis, Annu. Rev. Mater. Sci. 28, 563 (1998). 
'H. G. Craighead, Science 290, 1532 (2000). 
"J. Joung, J. Shen, and P Grodzinski, IEEE Trans. Magn. 36, 2012 (2000). 
^W. L. Benard, H. Kahn, A. H. Heuer, and M. A. Huff, J. Microelectro- 
mech. Syst. 7, 245 (1998). 

'E. W. H. Jager, E. Smela, and O. Inganas, Science 290, 1540 (2000). 
'I. Ladabaum, B. T. Khuri-Yakub, and D. Spoliansky, Appl. Phys. Lett. 68, 
7 (1996). 

'Q. M. Zhang, V. Bharti, and X. Zhao, Science 280, 2101 (1998). 
'Z. Y. Cheng, V. Bharti, T-B. Xu, H. S. Xu, T. Mai, and Q. M. Zhang, 
Sens. Actuators A 90, 138 (2001). 

'"B. Rashidian and M. G. Allen, Proc. ASME DSC 32, 171 (1991). 
"j.-H. Mo, A. L. Robinson, D. E. Fitting, F. L. Terry, and P L. Carson, 

IEEE Trans. Electron Devices 37, 134 (1990). 
'^M. Madou, Fundamentals of Microfabrication (CRC, New York, 1997), p. 

145. 
"R. A. Walsh, Electromechanical Design Handbook (McGraw-Hill, New 

York, 2000), p. 5.34. 
'* R. D. Blevins, Formulas for Natural Frequency and mode Shape (Krieger, 

Malabar, FL, 1995), p. 413. 

Downloaded 03 Feb 2002 to 146.186.113.169. Redistribution subject to AlP license or copyright, see http://ojps.aip.org/aplo/aplcr.Jsp 



APPENDIX 21 



1312 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 49, NO. 9, SEPTEMBER 2002 

Design, Fabrication, and Performance of a 
Flextensional Transducer Based on 

Electrostrictive Polyvinylidene 
Fluoride-Trifluoroethylene Copolymer 

ZhongYang Cheng, Tian-Bing Xu, Member, IEEE, Qiming Zhang, Senior Member, IEEE, 
Richard Meyer, Jr., David Van Tol, and Jack Hughes 

Abstract—^Tbking advantage of the high electrostrictive 
strain and high elastic energy density of a newly developed 
electrostrictive polymer, modified poly(vinylidene fluoride- 
trifluoroethylene) [P(VDF-'I^FE)] based polymers, a flex- 
tensional transducer was designed, and its performance was 
investigated. The flextensional transducer consists of a mul- 
tilayer stack made of electrostrictive P(VDF-TrFE) poly- 
mer Sims and two flextensional shells fixed at the ends 
to the multilayer stack. Because of the large transverse 
strain level achievable in the electrostrictive polymer and 
the displacement amplification of the fiextensional shells, 
a device of a few millimeters thick and lateral dimension 
about 30 mm X 25 mm can generate an axial displacement 
output of more than 1 mm. The unique flextensional con- 
figuration and the high elastic energy density of the active 
polymer also enable the device to offer high-load capability. 
As an underwater transducer, the device can be operated 
at frequencies below 1 kHz and still exhibit relatively high 
transmitting voltage response (TVR), very high source level 
(SL), and low mechanical quality factor (,Qm). 

I. INTRODUCTION 

SOLID state electromechanical actuators and transduc- 
ers have been widely used in many civilian and mili- 

tary applications, including active vibration control, un- 
derwater navigation and surveillance, microphones, etc. 
[l]-[3]. In many of those apphcations, transducers and ac- 
tuators with high power and high displacement output are 
required. In the past several decades, a great deal of effort 
has been devoted to the development of electromechanical 
materials with those desired features [4]-[10]. In parallel, 
different device configurations also have been exploited to 
achieve an amplification of the relatively small strain lev- 
els in most commonly used piezoelectric, electrostrictive, 
and ferroelectric materials [11]-[15]. Recently, it was re- 
ported that a massive electrostrictive response could be 
obtained by modifying poljrvinylidene (PVDF)-based fer- 
roelectric copolymers with high-energy electron irradiation 
or by adding another bulkier termonomer to form a ter- 
polymer [16]-[19]. 

In this paper, we investigate a fiextensional transducer 

Manuscript received January 10, 2002; accepted April 5, 2002. This 
work was supported by DARPA and ONR. 

The authors are with The Pennsylvania State University, Univer- 
sity Park, PA 16802 (e-mail: ZXC7@psu.edu). 

that takes advantage of the large strain and high elastic en- 
ergy of this new class of electrostrictive polymer, especially 
the actuation along stretching direction for the stretched 
polymeric film that is of high electromechanical coupling 
factor [20]. It will be shown that, for a fiextensional trans- 
ducer of a few millimeter thick and 30 mm x 25 mm lat- 
eral dimension, a displacement output of more than 1 mm 
can be generated with a relatively high-loading capabil- 
ity (>10 N). One of the unique factors of this device is 
that, because of low acoustic velocity of the active poly- 
mer (~1400 m/s) and the fiextensional configuration, such 
a small-sized device can be operated at frequencies below 
2 kHz. This small device was capable of generating a high- 
source level and a transmitting-voltage response (TVR) of 
123 dB re 1 /iPa/V@lm. 

This paper is organized as follows. The recent results 
on the electromechanical properties of the electrostric- 
tive poly(vinyhdene fiuoride-trifiuoroethylene) [P(VDF- 
TrFE)]-based polymers will be simimarized briefiy to pro- 
vide background of this newly developed material. The 
results on the fabrication and characterizations of these 
multilayer stacks used as the active element in fiextensional 
transducer will be presented. The actuator performance of 
flextentional transducer will be analyzed, and the exper- 
imental results are presented. The results of underwater 
performance of the flextentional transducer also will be 
discussed. 

In this investigation, the field-induced transverse strain 
of the multilayer stacks was characterized by a set-up de- 
scribed in [21]. The displacement generated by the fiexten- 
sional actuator was evaluated by a differential variable re- 
luctance transducer (DVRT, MicroStrain, Inc, Burlington, 
VT). The electric impedance as a function of frequency of 
multilayer stacks and flextensional transducers under dif- 
ferent direct current (DC) biased field was measured by an 
HP 4192 (Hewlett-Packard, Santa Clara, CA) impedance 
analyzer equipped with a blocking circuit. The blocking 
circuit is used to protect the impedance analyzer from the 
high DC voltage applied to the multilayer stack. For the 
underwater performance of the fiextensional transducer, 
the transducer was placed at a depth of 2.78 m in an ane- 
choic water tank measuring 5.3 m wide, 7.9 m long, and 
5.5 m deep. The transmitting voltage response (TVR), the 
free-field voltage sensitivity (FFVR), the directivity pat- 

0885-3010/$10.00 © 2002 IEEE 
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tern, and the electric impedance of the transducer were 
characterized in the frequency range from 1 kHz to 5 kHz. 

II. ELECTROMECHANICAL PROPERTIES OF 

ELECTROSTRICTIVE P(VDF-TRFE)-BASED POLYMERS 

AND MULTILAYER ACTUATORS 

A. Electromechanical Properties of Electrostrictive 
P(VDF-TrFE)-Based Polymers 

P(VDF-TrFE) is a well-known ferroelectric polymer, 
and in most cases it is used as piezoelectric materials [22]. 
Compared with piezoelectric ceramics, the electromechan- 
ical responses of P(VDF-TrFE) piezopolymers are rela- 
tively low. For instance, the piezoelectric ^33 = —39 pm/V 
and the electromechanical coupling factor ^33 = 0.2 [23] 
are much below the level of the piezoceramics. In ad- 
dition, the maximum piezoelectric strain level is about 
0.1%. However, by a proper modification, PCVDF-IVFE)- 
based polymers can be converted to an electrostrictive 
poljTiier with a high electric field induced strain and 
high elastic energy density. For example, in high-energy 
electron irradiated P(VDF-TrFE) copolymers, a thickness 
strain (longitudinal strain S3) of -5% can be induced 
under a field of 150 V/nm [24]. In uniaxially stretched 
and irradiated copolymer films, a transverse strain along 
the stretching direction of more than 4.0% (see Fig. 1) 
and an electromechanical coupling factor ^31 of 0.45 can 
be obtained [20]. More interestingly, a high electrostric- 
tive response also can be obtained by a nonirradiation 

approach. In poly(vinyhdene fluoride-trifluoroethylene- 
chlorofluoroethylene) [P(VDF-TrFE-CFE)] terpolymer, 
an electrostrictive strain ^3 of more than —4.5% has been 
observed. Table I summarizes those results. 

For electromechanical applications, in addition to the 
maximum induced strain, the elastic energy density, which 
is a product of stress and strain generated, is another im- 
portant parameter. In Table I, both gravimetric elastic en- 
ergy density {YS^/2p) that is related to device weight and 
volumetric energy density {YS^/2) related to the device 
size, are included, where Y, Sm, and p are the Young's 
modulus, maximum induced strain, and density of the ma- 
terial. The data for the piezoceramic and piezopolymer 
P(VDF-TrFE) also are listed for comparison. 

B. Fabrication and Characterization of Multilayer Stacks 

Most of the piezoceramic-based actuators are in the 
multilayer form as shown in Fig. 2(a) [3]. The main pur- 
pose of the multilayer approach is to reduce the applied 
voltage. In the current design of the flextensional trans- 
ducer [see Fig. 2(b)], using the electrostrictive P(VDF- 
TrFE)-based polymer as the active element, multilayer 
stacks also were used to reduce the driving voltage. In the 
current design, uniaxially stretched high-energy electron 
irradiated copolymer films were chosen because they de- 
liver high transverse electrostrictive strain that is used to 
drive the flextensional element (shell) and high electrome- 
chanical coupling factor. 

The preparation and irradiation of the copolymer films 
have been described in earUer pubHcations [16], [20]. After 
irradiation, the fihns have an average thickness of 15 /im. 
The multilayer stacks were fabricated in three steps. The 
two irradiated films were bonded together to form a bi- 
layer, which improves the dielectric strength. Then, those 
bilayers were electro ded by Au sputtering to the required 
electrode pattern as defined by a shadow mask (see Fig. 3). 
The electroded bilayers were laminated together to form 
a multilayer stack, an electroactive polymer (EAP) stack. 
One of the key factors in fabricating multilayer stacks is the 
selection of epoxy to be used to bond the polymer layers to- 
gether. To ensure an eflFective stress and strain coupling be- 
tween the electroactive polymer layers while maintaining 
high electromechanical performance, the epoxy glue should 
meet two requirements: provide strong bonding between 
polymer fihns, and the glue layer thickness should be thin. 
A series of epoxy materials were examined in this investi- 
gation, including Spurr epoxy (Polysciences, Inc., Warring- 
ton, PA), Strain gauge glue, 30-minute epoxy, and different 
Cyanoacrylate adhesives. It was found that, among them, 
Spurr epoxy yields the thinnest bonding layer thickness 
(1 /xm or below). This epoxy also offers relatively strong 
bonding strength that was tested by the peeling method. 
After curing, the Spurr epoxy has an elastic modulus of 
5 GPa. 

For the EAP stacks thus prepared, it is expected that 
the inactive glue layers would clamp the electric field- 
induced strain response and raise the elastic modulus of 
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TABLE I 

ELASTIC ENERGY OF SOME ELECTROACTIVE MATERIALS AT ROOM TEMPERATURE. 

Materieils Direction 
Y 

(GPa) (%) 
YSl,/2      YSl/2p     Stress 
(J/cm3)       (J/kg)        (MPa) 

Relative 
speed 

Piezo-ceramic 
(PZT-5H) 
Piezo 
P(VDF/TVFE) 
Irradiated 
P(VDF/TrFE) 
PCVDF/TVFE) 
based 
terpolymer 

Longitudinal 
IVansverse 
Longitudinal 

Longitudinal 
Transverse 

64 
64 
4 

Y33 = 0.5 
Yu = 1.0 

<0.2 
<0.1 

<0.15 

5.0 
4.0 

Longitudinal     V33 > 1.1        4.5 

0.13 
0.03 

0.0045 

0.63 
0.8 

1.1 

17 
4 

2.5 

313 
400 

557 

128 >1 MHz 
64 
6 >1 MHz 

25 
40 

45 

>100 kHz 

>100 kHz 
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Electrode 
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Lk 

Top 
^electrode 
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D. rnrTyf 
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Fig. 2. Diagram of multilayer devices, (a) Multilayer piezoceramicac-     T^.    » „ ^,        ,,,,,,          
tuators. (b) Flextensional transducer based on stretched electroactive     f'S' ^: ^^1*^'° f f''^ ^'^f"^"^^ °° irradiated po ymer sheet. In order 
polymers, where t is the thickness of EAP stack. to make the multilayer, there are two types of electrode as shown in 

(a) and (b), respectively. 

the stack compared to a single layer of axitive polymer. 
Indeed, as observed in Fig. 1, the field-induced strain of 
the multilayer stack is 77% of the single layer strain. In 
addition, the elastic modulus of the multilayer stack at 
22°C is 1.3 GPa, which is higher than the elastic modulus, 
1.0 GPa, of polymer layer at the same temperature. 

For the flextensional transducers to be investigated, 
EAP stacks of 1-mm thickness, consisting of 30 layers of 
irradiated copolymer bilayer films (the thickness of each 
bilayer is 31 ^m), were used. The electroded area was 

22 X 22 mm^; the sample width and length (parallel to the 
stretching direction) were 25 mm and 31 mm, respectively 
(see Fig. 3). The unelectroded areas provided electric insu- 
lation to prevent breakdown at the edges of the films and 
also were used for the electric connection to the leads to 
external power supply. 

The performance of the stacks was examined in terms of 
their electromechanical resonance. As shown in Fig. 4, an 
electromechanical resonance at 17 kHz, which corresponds 
to the resonance along the stretching direction of the EAP 
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Fig. 4. FVequency dependence of both impedance (|Z|) and phase 
in degree in a multilayer of irradiated P(VDF-TrFE) 68/32 mol% 
copolymer film bonded with Spurr epoxy under a DC bias of 500 V 
(solid line) and 0 V (dashed line). The AC single used here is 1 Vrms. 
The electromechanical resonance occurs at 17 kHz. See text for de- 
tailed information of multilayer. 

stack, was observed when the EAP stack was under a DC 
bias field of 16 Y/fim (for an electrostrictive material, a DC 
bias is required to induce an effective piezoelectric state). 
The resonance was very similar to that observed in single- 
layer films. Because of relatively low electromechanical re- 
sponse for the active polymer films in perpendicular to the 
polymer film stretching direction, no strong resonance was 
detected along the width direction of the multilayer stack. 

III. ACTUATOR PERFORMANCE OF THE 
FLEXTENSIONAL TRANSDUCER 

As has been demonstrated in earlier investigations [11]- 
[14], a flextensional actuator with a structure as shown 
in Fig. 2 can generate relatively large displacement and 
force output. Because of the much higher strain level in 
the electrostrictive PVDF-based polymers, it was expected 
that a device based on those electroactive polymers will 
produce large displacement with relatively high generative 
force. 

To build the flextensional actuator, two pleistic blocks 
(frame, made of plexiglass) are attached (glued using 30- 
minute epoxy and mechanical screws) to the two ends of 
the multilayer stack as shown in Fig. 2(b). The blocks 
were used to hold the flextensional elements made of spring 
steel sheet. The spring-steel sheets (Blue Tempered & Pol- 
ished Spring Steel, Precision Brand Products, Inc., Down- 
ers Grove, IL) are forced to fit into the plastic blocks to 
form an arc shape [Fig. 2(b)]. Three flextensional trans- 
ducers with different spring-steel sheet thickness are eval- 
uated here (thickness = 0.125, 0.254, and 0.381 mm, re- 
spectively). In this design, the pair of spring-steel arcs is 

Fig. 5. Deformation of flextensional shell under an uniaxial force (F). 

imder compressive force from the EAP stack; in return, 
the flextensional element exerts tensile force to the EAP 
stack. This tensile force serves two functions. One is to 
maintain the EAP stack under tension, which is needed 
for the EAP stack to function properly; the second is to 
transmit the strain generated in the EAP stack, to the 
amplified displacement output. 

For a two-ends supported elastic beam shown in 
Fig. 2(b) with the two ends free in rotation, based on po- 
tential energy criterion for stabiHty, the displacement w{x) 
as a function of x was derived as Fig. 5 [25]: 

■w{x) = hsinyx, (1) 

where h and L are defined in Fig. 2(b). For the current 
device L = 27 mm. Prom (1), the total length of the flex- 
tensional element can be found: 

A = L + 
^h? 

AL (2) 

In (2), it was assumed that }T? jl? <g: 1 so that higher or- 
der terms could be omitted. Under external electric fields, 
L will be extended to L -I- 5L, and hto h-\- 6h. The ra- 
tio Sh/5L can be regarded as a displacement amphfication 
factor of the device and can be found from (2) by assuming 
that the total length. A, of the flextensional element does 
not change: 

6h 
6L ^      4 1,2 2 L (3) 

In Fig. 6, the ratio dh/5L is plotted as a function of h/L 
based on (3). Clearly, the amplification factor increases 
with reduced h/L. However, the maximum displacement 
output is constrained such that dh cannot exceed h. There- 
fore, for a practical device, there is a balance between 
the displacement amplification and the maximum displace- 
ment. 

The displacement output of two flextensional transduc- 
ers with different h/L ratio was characterized at 1 Hz, and 
the data are presented in Fig. 7(a). It should be noted 
that in each flextensional transducer, there were two flex- 
tensional elements, generating a total displacement 26h 
[the data in Fig. 6(a) is 26h]. It also should be noted that 
the result in (3) is for cases where 6h is much smaller than 
h. For data in Fig. 7, 6h became comparable to h when 
the device was driven under high applied fields. And (3) 
in those cases could be used only qualitatively. For the 
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Fig. 6. Displacement amplification versus the ratio of h/L calculated 
using (3). 

flextensional transducers tested here, the thickness of the 
spring-steel sheet was 0.125 mm, and the initial ratio of 
h/L is 0.053 and 0.109 {2Sh/SL = 7.6 and 2Sh/5L = 3.6), 
respectively. It is interesting to note that the displacement 
output of such a device can be more than 1 mm. 

The displacement output under external load also was 
measured at 1 Hz for the flextensional transducer with 
the initial ratio of h/L = 0.109. In this measurement, a 
load of given weight was placed on the top of the flex- 
tensional transducer, and the displacement output imder 
different applied field was recorded. The data acquired 
are presented in Fig. 7(b) and showed that, in addition 
to the high-displacement output, the flextensional trans- 
ducer with EAP stacks also exhibit relatively high-load 
capability. In fact, the displacement output of the device 
increased slightly with increasing load. This is due to the 
fact that the field-induced strain along the film-stretching 
direction increases with tensile stress up to 20 MPa. The 
load applied in the experiment was equivalent to the tensile 
stress to the EAP stack as produced by the fiextensional 
elements [24]. 

The displacement profile w{x) of the flextensional el- 
ement also was measured and is presented in Fig. 7(c) 
(squares in the figure). The theoretical prediction using (1) 
(solid line) matches quite well with the experiment data 
point. 

IV. TRANSDUCER PERFORMANCE OF THE DEVICE 

To assess the resonance behavior of the flextensional 
transducer, the electric impedance of the device under DC 
bias was characterized in air. When the two flextensional 
elements are attached to the EAP stack, the three reso- 
nances can be modeled as shown in Fig. 8, in which the 
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Fig. 7. Displacement response of the fiextensional transducer, (a) Dis- 
placement at midpoint of flextensional shell versus electric field of 
1 Hz in two flextensional transducers. The traiKducer consists of an 
EAP stack with a thickness of 1 mm and two flextensional shells 
with a thickness of 0.125 mm. (b) Displacement at midpoint of flex- 
tensional shell versus mechanical load for a flextensional transducer 
under a constant electric field of 1 Hz. (c) Displacement profile of flex- 
tensional tremsducer under a constant electric field of 1 Hz, where 
the squares are the measured data and the solid line is calculated 
using (1). 
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Fig. 8. Equivalent model of flextensional transducer designed in 
Fig. 5, where, fci, fei and kp are the spring constants of flexten- 
sional shells and EAP stack; and the mass Mi, M2, and Mp are the 
masses of flextensional shells and electroactive polymer stack. The 
mass M, is the total load of the transducer. 
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Fig. 9. Frequency dependence of impedance (|Z|) and phase in degree 
for a flextensional transducer in air with a DC bias of 500 V. 

branches with the effective elastic constant fci and fca rep- 
resent the two flextensional elements, and the one with the 
elastic constant kp denotes the EAP stack. For the devices 
tested here, it was found that the resonance frequency of 
the EAP stack was much higher than those from the two 
flextensional elements and, hence, the lowest frequency res- 
onance was from the flextensional shells. In addition to the 
elastic modulus and the thickness of the shell, h and L are 
important parameters in determining the resonance fre- 
quency. In other words, the effective elastic constant fci 
and ^2 in Fig. 8 will vary with h/L. In general, a smaller 
h/L ratio will reduce the resonance frequency of the shell 
if the length of shell is fixed [25]. Therefore, by adjust- 
ing h, one also can vary the resonance frequency of the 
transducer. 

Fig. 10. TVR of flextensional transducer in water with different driv- 
ing electric flelds. 

Fig. 9 is the electric impedance measured with a DC 
bias field of 16 V//itm for a flextensional transducer in air 
that has the flextensional shell thickness of 0.375 mm and 
two EAP stacks. An electromechanical resonance was ob- 
served at 4.5 kHz, which was much lower than the reso- 
nance frequency from the EAP stack alone (Fig. 4). In this 
case, the two flextensional elements were nearly the same 
in terms of h and L and, as a result, there was only one 
resonance observed. In the case in which two flextensional 
elements have a small difference in h or other properties 
that could be introduced in the fabrication process, multi- 
ple resonances would be observed, as has been elucidated 
in Fig. 8. In this flextensional transducer, the flextensional 
shell thickness of 0.381 mm is chosen so that the in-water 
resonance frequency of the transducer is near 2 kHz. 

For underwater tests, the flextensional transducer 
was sealed by a polymer (polyurethane, trademark 
C0NATHANE@EN-9, CONAP, Inc., Clean, NY). The 
polynrethane coating served two purposes: to provide elec- 
tric insulation between the transducer and the water, and 
to prevent water leaking into the space between the flex- 
tensional shell and EAP stack. The electric impedance of 
the sealed transducer was tested in water. Due to water 
loading, the resonance frequency dropped from 4.5 kHz in 
air to 1.7 kHz in water. 

The same transducer also was tested to obtain TVR, 
directivity pattern, and FFVS. In the TVR measurement, 
the pressure generated by the transducer as a projector 
under different DC bias fields and alternating current (AC) 
fields was measured by a hydrophone placed 1.0 m away 
from the transducer. One flextensional element face was 
oriented toward the hydrophone. The data are presented 
in Fig. 10. A broad resonance was observed centered at 
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1.7 kHz. From the resonance peak, the mechanical quality 
factor, Qm, of the projector operated in water could be 
calculated by (4) [25]: 

Qm = 
fh- fl 

(4) 

where fr is the resonance frequency, //, and ft are the 
half-power frequencies, which can be determined from the 
—6 dB points in the TVR curve. For this transducer, the 
mechanical Q is Qm = 1.55. The TVR near the resonance 
is 122.5 and 123.2 (dB re 1 ^Pa/V@lm) for the device 
under DC bias fields of 1000 V and 1500 V, respectively. 

The directivity pattern of the transducer was charac- 
terized when the transducer was rotated along its x-axis 
(length), and the distance between transducer and hy- 
drophone was kept the same. In the frequency range from 
1 kHz to 5 kHz, it was found that the transducer was 
an omnidirectional pattern. This was due to the fact that 
the dimension of the transducer is much smaller that the 
a<;oustic wavelength (1.5 m at 1 kHz and 0.3 m at 5 kHz). 

For electrostrictive material as the irradiated P(VDF- 
TrFE) copolymers used here, an effective piezoelectric 
state can be induced by a DC bias electric field. Thus, 
the material also can be used to sense acoustic signals. To 
calculate the receive response of the transducer, the FFVS 
was obtained and is presented in Fig. 11. For a DC bias of 
1500 V, the FFVS was -177.5 (dB re IV/fiPa.) near the 
resonance frequency. 

As an electrostrictive material, the electromechanical 
response increases with the DC bias field if the DC field is 
far below the satinration field, which is the case for the DC 
fields used here, as can be seen from Fig. 1. The observed 
increase in both TVR and FFVS is consistent with this. 

In additional to the relatively high TVR at such a low 

frequency, the flextensional transducer also was capable of 
generating high SL because its high electric field limits. 
The data presented in Fig. 10 were measured under a DC 
bias of 1000 V and 1500 V using an AC signal of 100 Vrms 
and 200 Vrms, respectively. That is, the real acoustic pres- 
sure reached 169 dB re l/xPa@lm. For the fiextensional 
transducer investigated here, a voltage of 1500 V is equal 
to an electric field of 48 ~ 50 V/fim, which is much smaller 
than the high field limitation in the polymer film as shown 
in Fig. 1. If a higher DC bias and larger AC signal were 
applied (for example, a DC bias of 2000 V with an AC sig- 
nal of 1000 Vrms), a much higher acoustic pressure could 
be generated. 

It should be noted that, because the transducer di- 
mension b (less than 0.03 m) in the current device was 
much smaller than the acoustic wavelength A which is 
about 1.5 m at 1 kHz, the acoustic impedance Za of the 
medium (water) as seen by the transducer is nearly imag- 
inary (mass-like load) [26]: 

Za- 
'' k^b^ + l ' (5) 

where Zc is the characteristic acoustic impedance of water, 
k is the wave vector (= 27r/A), j = ^/-l. As a result, 
the transducer efficiency is low. By working with an array 
with increased dimension, the efiiciency could be improved 
significantly. 

This can be seen from the Mason equivalent circuit 
shown in Fig. 12(a) for the active polymer operated in 
the transverse piezoelectric mode. In Fig. 12(a), Co is 
the clamped capacitance, N is the transformer ratio, and 
ZT is the acoustic impedance of the transducer, including 
the multilayer stack and the flextensional elements. ZT is 
imaginary if mechanical loss is not considered. The acous- 
tic impedance of the medium seen by the transducer ZL = 

kH^      „        ._     kb 
RL+JXL, where RL = AZc- y,XL = AZc 

'l + k^lP'^^'' ^""l + k^b^' 
A is the transducer area, and Zc is the characteristic acous- 
tic impedance of eh acoustic medium, respectively. The ef- 
ficiency is measured by the acoustic energy consumption 
in the load RL to the total input electric energy. When 
kb <^ I, RL is much smaller than AZc and XL- 

Now if M such transducers are placed in parallel acous- 
tically to form an array (electrically these transducers 
are also in parallel), for the sake of simpUcity, assuming 
kb <C 1, the Mason equivalent circuit becomes Fig. 12(b), 

where ii^ and X^ are R'j^ = MAZc- r^r^ and XC = M 
1 + k^b' 

.^ kb^/M   ^ 
AZc      i.2h2'      ^^^ °^ estimated that the efficiency is 

increased by a factor of M approximately [2]. 

V. SUMMARY 

A transducer is developed that utilizes the high strain 
electrostrictive P(VDF-TrFE)-based polymer as the active 
element and two flextensional caps providing displacement 
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(a) 

(b) 

1:MN 

Fig. 12. Mason equivalent circuit for single transducer (a) and trans- 
ducer array consisting of M transducers (b). 

amplification. Analogues to the Moonie and Cymbal trans- 
ducers previously developed, the flextensional transducer 
here generates higher displacement compared with the ac- 
tive polymer alone plus higher load capability than the 
bimorph-type actuators. In the current design, the active 
polymers are in thin-film form bonded to form a multi- 
layer stack. The actuation of the active polymer is along 
the film surface direction. The flextensional elements are 
designed to ensure the active polymers are under tension, 
which also increases performance. 

In this investigation, the displacement amplification and 
transducer performance were analyzed. It was shown that 
the device (25 mm x 30 mm lateral dimension and a few 
millimeters thick) was capable of generating a displace- 
ment of more than 1 mm with a load of more than 10 N. 
As an underwater transducer, the device exhibited a low 
frequency resonance (<2 kHz) and generated a TVR of 123 
(dB re 1 /iPa/V@lm) and FFVS of approximately -177.5 
(dB re lV//iPa). Because of the high saturation field, the 
device has the potential to achieve a high SL. 
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Reflectance spectra were obtained using an integrating sphere (070 mm, 
10 mm port openings) versus commercial white and black references (Lab- 
sphere). The system response was corrected versus BaMgAlioOi7:Eu (BAM) 
generously provided by Philips Research Laboratories. 
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High Electromechanical Responses in a 
PoIyCvinylidenefluoride-trifluoroethylene- 
chlorofluoroethylene) Terpolynier*=<° 

By Feng Xia, Zhongyang Cheng, Haisheng Xu, Hengfeng Li, 
Qiming Zhang,* George J. Kavarnos, Robert Y. Ting, 
Gomaa Abdel-Sadek, and Kevin D. Belfield 

Electroactive polymers (EAPs) that perform energy con- 
version between electric and mechanical forms are attractive 
for a broad range of applications, such as sensors, actuators, 
artificial muscles, and integrated micro-electromechanical sys- 
tems.''"'' Among various EAPs, the poly(vinylidene fluoride- 
trifluoroethylene), P(VDF-TrFE), piezo-polymer is the one 
that is most widely used.^'*' Recently, we reported that after 
high-energy irradiation treatment P(VDF-TrFE) copolymers 
(high-energy electron-irradiated P(VDF-TrFE), referred to as 
HEEIP) can exhibit an electrostriction of 5 % and an elastic 
energy density higher than 0.5 Jem"', which represents about 
two orders of magnitude improvement compared with the 
PCVDF-li-PE) piezo-polymers.'^^' Subsequent Fourier trans- 
form infrared (FTIR) and X-ray studies indicate that such a 
high electrostrictive response originates mainly from the di- 
mensional change associated with the molecular conforma- 
tional change.''"'"] In P(VDF-TrFE) copolymers, the molecu- 
lar conformation changes are associated with electric dipolar 
change and, hence, external electric fields can be employed to 
induce electromechanical actuation in those polymers. TTiis 
actuation mechanism can be utilized to form actuators from 
the molecular level to macroscopic level. 

P(VDF-'iy'FE) is a ferroelectric polymer in which the ferro- 
electric phase possesses an aM-trans conformation.'^' By heat- 
ing the polymer to above the ferroelectric-paraelectric (F-P) 
transition temperature, the ferroelectric phase is transformed 
to a paraelectric (non-polar) phase, which has a mixture of 
trans and gauche bonds.'"' This molecular conformational 
change between the two phases results in strains of more than 
7 %.''■"' However, in P(VDF-TirFE) copolymers this transfor- 
mation process occurs at temperatures near 100 °C and also 
involves a very large hysteresis.'''"' The defects introduced by 
means of high energy irradiation break the long-range polar 
regions into microdomains,'*'"'*^' thereby stabilizing the non- 
polar phase at room temperature and significantly reducing or 
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even eliminating the transformation barrier between the polar 
and non-polar phases. Consequently, at room temperature an 
external electric field can induce a continuous transformation 
from the non-polar to polar phase with very httle hyster- 
esis.'''^''' The direct link of this process to the conformation 
change results in a large electrostriction. More recently, it has 
been shown that a similar modification of the properties of 
P(VDF-TTrFE) copolymer can also be realized by adding a 
third bulky monomer to form terpolymers that exhibit rela- 
tively large electrostriction.'"*'*' In addition, the terpolymer 
approach has the advantage that it eliminates the irradiation 
process and hence simplifies the processing of the electrostric- 
tive polymer besides removing the undesirable side effects 
caused by irradiation of the polymer, such as the formation of 
radicals, chain scission, and crosslinking.'*''*' In this commu- 
nication, we will show that proper selection of the third mono- 
mer effectively reduces the all-trans conformation in the poly- 
mer; the terpolymer containing 1,1-chlorofluoroethylene 
(CFE) as the third monomer exhibits significantly improved 
electromechanical responses compared with other modified 
P(VDF-'n:FE)-based polymers reported. 

Figure la presents the field-induced strain along the thick- 
ness direction (53) as a function of the applied electric field 
(£). Under a field of 130 MVm'S a thickness strain of-4.5 % 

30      60      90      120 
Electrical Field (MV/m) 

0     20     40     60 

Temperature (°C) 

Hg. 1. a) Thickness strain 53 as a function of the applied field amplitude for the 
terpolymer measured at room temperature at 1 Hz (dots are data points and 
the solid curve is drawn as a guide to the eye), b) Elastic modulus y of the ter- 
polymer as a function of temperature measured at 1 Hz. 

In Figure 2, we present the dielectric constant and the po- 
larization measured on the terpolymer. The data reveal that 
despite a large difference in the electromechanical responses, 
the polarization response and dielectric behaviors are very 

a) 60 
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O 

-50 0 50 
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Fig. 2. a) The dielectric constant as a function of temperature measured at dif- 
ferent frequencies: curves, from top to bottom, 10^, itf, 10*, 10*, and lO' Hz. 
b) Hie polarization response measured at room temperature and 1 Hz. The 
open squares are the average polarization and the solid line in the middle is the 
fit to the data using Equation 2. 

similar to those observed in HEEIP and other terpoly- 
mers.''"''^' ITiis can be understood from the fact that the po- 
larization response in a polymeric material can originate from 
different mechanisms. Some of the polarization responses, 
such as 180° dipole flipping, generate very little strain re- 
sponse, while other polarization responses, such as the confor- 
mational changes discussed earlier, are accompanied by large 
strain changes. 

Combining the electrostrictive strain, the elastic modulus, 
and the polarization data, the electromechanical coupling fac- 
tor ^33 can be determined;'"' its square IC33 measures the ener- 
gy conversion efficiency from the electric to mechanical form 
when the thickness strain is used. For an electrostrictive mate- 
rial. Equation 1 has been derived:''*' 

e=- kSl 
"''     s^\P^ln{^^)+PMi-i^f)] 

(1) 
A-Z-c 

can be achieved, which is comparable to that observed in 
HEEIP and higher than those in the other terpolymers'*"'''' 
Because of higher crystallinity in the P(VDF-TrFE-CFE) ter- 
polymer, the elastic modulus Y of the terpolymer here is 
about three times higher than that of HEEIP and other terpo- 
lymers, as shown in Figure lb, resulting in a higher elastic en- 
ergy density, y5^/2 = l.l Jcm"^. For most practical electrome- 
chanical applications, the elastic energy density is a key 
parameter that measures both the strain- and stress-generat- 
ing capability of an electroactive material. 

where J33 is the elastic compliance under constant electric dis- 
placement and Ps is the saturation polarization. As has been 
shown in earlier studies,'"' for ferroelectric-based electrostric- 
tive materials, the polarization response PE can be approxi- 
mated as: 

|i'El = l^sltanh(fc£) (2) 

Both k and P^ are determined from fits to the polarization 
data, as shown in Figure 2b; E is the applied field. In the fit, 
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the averaged polarization (open squares) is used to remove 
the small polarization hysteresis in the data. As has been 
shown for HEEIP, the coupling factor derived in this manner 
is consistent with that measured using the resonance method 
based on the IEEE standard.'"' The longitudinal coupling fac- 
tor thus determined is presented in Figure 3. It is interesting 
to note that the coupling factor can reach more than 0.55, 
which is far above coupling factors reported in all known 
piezoelectric and electrostrictive polymers (the electrome- 
chanical conversion efficiency is proportional to the square of 
the coupling factor).'"' In Table 1, we compare the electrome- 
chanical properties of four different types of P(VDF-'n-FE)- 

30 60 90        120 
Electrical Field (MV/m) 

Fig. 3. The room-temperature longitudinal electromechanical coupling factor 
kiy derived using Equation 1 for the P(VDF-TrFE-CFE) terpolymer. 

Table 1. Comparison of the electromechanical properties of modified P(VDF- 
TVFE) polymers. 5M is the maximum strain. 

Polymer SM[%] K[GPa] YSu^n [J/cm'] t33 

PiezoP(VDF-TVFE) 0.2 3.3 0.0066 0.27 

HEEIP -5 0.4 0.5 0.30 
P(VUF-TthH-CrhHj -4 0.4 0.32 0.28 

P(VDF-TVFE-CFB) -4.5 1.1 1.1 0.55 

based polymers, that is, the normal piezoelectric P(VDF- 
TrFE) copolymer, HEEIP, the P(VDF-TrFE-CFE) terpoly- 
mer studied here, and P(VDF-Ti:FE-CTFE) terpolymer re- 
ported earlier'''"'^' (CTFE = chlorotrifluoroethylene). The 
latter three can be regarded as modified P(VDF-TrFE) poly- 
mers with defect structures. TTie terpolymer with CFE as a 
modifier shows the highest electromechanical responses 
among the four different PVDF-based polymers as well as 
other electroactive polymers reported.'^'•^' 

Although all three modified P(VDF-TrFE)-based polymers 
listed in Table 1 possess a macroscopic non-polar phase with 
similar slim polarization hysteresis and field-induced polariza- 
tion levels, the high electromechanical response observed in 
the CFE-based terpolymer indicates the important role 
played by the molecular microstructure. 

P(VDF-TrFE)-based polymers are semicrystalline poly- 
mers, in which the polarization, and therefore the electrome- 
chanical responses, originates mainly from the crystalline re- 
gions.''*'"' In order to achieve a high electromechanical 
response, a high crystallinity is desirable. For the P(VDF- 
TrFE) copolymers in the composition range studied here, the 
crystallinity (the volume fraction of crystalline regions) can 
reach more than 75%.'^"'' When a third monomer is added 

randomly to the polymer chain to form a terpolymer, the crys- 
tallinity, in general, will be reduced due to the introduction of 
defect structures. The crystallinity of a terpolymer depends on 
the type and the molar fraction of the third monomer. In order 
to use defects to convert the polymer into an electrostrictor 
there is a minimum molar fraction required for each type of 
monomer. Experimental results indicate that CFE is more ef- 
fective in this regard compared with CTFE. In the terpoly- 
mers containing CFE studied here, 4 mol-% of CFE seems to 
be adequate to nearly eliminate the polarization hysteresis, 
while in the terpolymers containing CTFE nearly 10 mol-% is 
required.'"'"' Consequently, a 62:38:4 mol-% P(VDF-TrFE- 
CFE) terpolymer exhibits a higher elastic modulus in compar- 
ison with a 65:35:10 mol-% P(VDF-TrFE-CTFE) terpolymer, 
resulting in a higher elastic energy density and electromechan- 
ical coupling factor in the P(VDF-'nrFE-CFE) terpolymer. 

Furthermore, even for terpolymers with the same crystallin- 
ity, the field-induced strain level can still vary over a large 
range because of different types of polarization mechanisms 
responding to an external electric field. For instance, in the 
normal ferroelectric P(VDF-TrFE) copolymer, the polariza- 
tion switching is through the dipolar reorientation process in 
the all-trans crystalline region, resulting in an observed rela- 
tively low strain change.''''"' In the modified P(VDF-TrFE) 
polymers, it is possible that randomly oriented nanopolar 
regions (small regions with the all-trans molecular conforma- 
tion) exist in the polymer, even though macroscopically the 
polymer is non-polar. The reorientation of those nanopolar re- 
gions under external fields may or may not generate high elec- 
trostrictive strains, depending on how these nanopolar regions 
respond to external electric fields. On the other hand, in the 
high-energy electron-irradiated copolymers, the FTIR data 
show that the room-temperature non-polar phase consists of 
mixture of trans and gauche (TG) bonds (a mixture of TGTG' 
and T3GT3G' conformations).'*''"' An externally applied field 
induces a reversible molecular conformation change fi'om 
TGTG' and T3GT3G' to an all-trans conformation. As a result, 
a large electrostriction is obtained.'^"'' Analogously, in order 
to enhance the strain response in the terpolymers, it is highly 
desirable that the third monomer introduced will favor the for- 
mation of TG bonds rather than the all-trans conformation. 

In order to examine the effectiveness of CFE in influencing 
the molecular conformations in the terpolymers, we compare 
the room-temperature FTIR data of 62:38:4 mol-% P(VDF- 
TrFE-CFE) with that of 65:35 mol-% copolymer and 
65:35:10 mol-% P(VDF-TrFE-CrFE) terpolymer. The data 
are presented in Figure 4, which show that 4 mol-% CFE is as 
effective as 10 mol-% CTFE in reducing the all-trans confor- 
mation in the polymer. To quantify the results, the method by 
Osaki et al. (Eq. 3) was used to calculate the fraction Fj of 
each chain conformation:'^'''^' 

Fi = 
Aj-f/lii-f/i 

(3) 
m 

where i = I, II, III, and Ai, An, Aui are the absorbencies of 
the chain conformations with all-trans (T„>3, absorbance peak 
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at 1285 cm-i), T3GT3G' (peak at 510 cm"'), and TGTG' (peak 
at 610 cm"*), respectively.'**"^*' The results from the data fit- 
ting are listed in Table 2, and confirm that CFE is more effec- 
tive compared with CTFE in reducing the all-trans conforma- 
tion and converting the copolymer into an electrostrictive 
material. 

The results show the importance of the third monomer in 
influencing the microstructure of the defect-modified P(VDF- 

All Trans 
P(VDF-TtfE-CFE) 82/38/4 
P(VDF-TrFE-CTFE) BMS/IO 
P(VDF-TlFE) 8OT5 

1200 800 
Wavenumber (cm"') 

400 

Fig. 4. Comparison of FTIR data among the copolymer (65;35 mol-%; solid 
curve), the terpolymer P(VDF-1VFE-CTFE) (65:35:10 mol-%; solid curve with 
open circles), and the terpolymer P(VDF-1VFE-CFE) (62:38:4 mol-%; solid 
curve with crosses). 

Table 2. Comparison of the molecular conformations in three polymers. 

% T„>3 % TjGTjG' % TGTG' 

PCVDF-TVFE) 65:35 
P(VDF-IVFE-CTFE) 
P(VDF-IVFE-CFE) 

75 
34 
36 

18 
61 
55 

Il-FE) polymers. By proper molecular design, which enhances 
the molecular conformation changes accompanying the polar- 
ization responses under external electrical fields, the P(VDF- 
TVFE-CFE) terpolymer exhibits high electromechanical re- 
sponses (elastic energy density =1.1 Jem"' and electrome- 
chanical coupling factor =0.55). 

Experimental 

Terpolymer PCVDF-TVFE-CFE) was synthesized by a bulk polymerization 
process [13,26]. The VDF/TVFE ratio was evaluated from "F NMR spectra; the 
CFE mol-% was determined by element analysis The 62:38:4 mol-% terpoly- 
mer was used in this investigation because it exhibits the highest electrome- 
chanical response among several compositions synthesized. To facilitate the dis- 
cussion and comparison with PCVDF-TVFE), the composition of the terpolymer 
is labeled as VDFj.-TVFEi.j-CFB^ where the molar ratio of VDFATrFE is x:l-x 

and y is the moI-% of CFE in the terpolymer. Tlie polymer films were prepared 
using the solution-cast method with dimethylformamide (DMF) as the solvent. 
The films were annealed at a temperature near 120 °C to improve the ciystallin- 
ity. Hie typical film thickness is about 20 |im, and gold-sputtered electrodes on 
the two surfaces were used for the electric measurement. The strain along the 
thickness direction was characterized by means of a piezo-bimorph-based sen- 
sor [27]. The dielectric constant was acquired using a HP multifrequency LCR 
meter (HP 4284A), which was equipped with a temperature chamber. The Saw- 
yer-Tower technique was used to characterize the polarization response in the 
fihn [28]. The elastic modulus was measured by a dynamic mechanical analyzer 
(DMA 2980, TA Instruments). Tlie crystallinity of the polymer films was esti- 
mated using a differential scanning calorimeter (DSC 2920, TA Instruments). 
FTIR spectra were measured at room temperature (Nicolet 510 Spectrometer). 
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Device Fabrication and Performance of Electrostrictive P(VDF-TrFE) Based 
Actuators and Transducers 
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Abstract: Taking advantage of the high electrostrictive strain and high elastic energy density of a 
newly developed electrostrictive P(VDF-TrFE) polymer, a flextensional transducer was designed 
and its performance was mvestigated. The flextensional transducer consists of a multilayer stack 
made of electrostrictive P(VDF-TrFE) polymer films and two flextensional elements which are 
fixed at their two ends to the multilayer stack, to perform the displacement ampHfication. 
Because of the large strain level achievable in the electrostrictive polymer and the displacement 
ampHfication of the flextensional elements, the device of a few mm thick and lateral dimension 
of l"xl" can generate a displacement output of more than 1 mm along the thickness. The unique 
flextensional configuration and the high elastic energy density of the active polymer also enable 
the device to offer high load capability. As an underwater transducer, the device can be operated 
at fi"equencies below 2 kHz while still exhibit relatively high transmitting voltage response 
(TVR), very high source level (SL), and low mechanical quality factor (Qm). 

INTRODUCTION 

Solid-state electromechanical actuators and transducers have been widely used in many 
civihan and military applications including active vibration control, underwater navigation and 
surveillance, microphones, etc [1]. In many of these appHcations, transducers and actuators with 
high power and hi^ displacement output are required, hi the past several decades, a great deal of 
effort has been devoted to the development of electromechanical materials with those desired 
features [2,3]. In parallel, different device configurations have also been exploited to achieve the 
"ampHfication" of the relatively small strain level in most currently used piezoelectric, 
electrostrictive, and ferroelectric materials [4]. Recently, it was reported that in properly 
modified PVDF based ferroelectric polymers, i.e., through the high-energy electron irradiation or 
adding another bulkier ter-monomer to form a terpolymer [5-7], a massive electrostrictive 
response can be obtained. 

In this paper, we mvestigate a flextensional transducer which takes advantage of the large 
strain and hi^ elastic energy of this new class of electrostrictive polymer. It will be shown that 
for a flextensional transducer a few milHmeters thick and l"xl" lateral dimension, a 
displacement output of more than 1 mm can be generated with a relatively high loading 
capability (>10 N). One of the uniqueness of the device investigated here is that because of low 
acoustic velocity of the active polymer (-1400 m/s) and the flextensional configuration, such a 
small size device can be operated at firequencies below 2 kHz while is capable of generating a 
high source level (SL) (>185 dB per 1 |aPa@lm) and a high transmitting voltage response (TVR) 
(~ 123 dB per 1 ^PaA^@lm). 

The recent results on the electromechanical properties of the electrostrictive P(VDF-TrFE) 
based polymers will first be summarized briefly with the aim of providing background of this 
newly developed material. In the flextensional transducer, multilayer stacks of the active 
polymers were used as the active element and the results on the fabrication and characteristics of 
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these multilayer stacks will be presented. The actuator performance and underwater performance 
of flextensional transducer will be presented and discussed. 

In this investigation, the displacement generated by the flextensional actuator was evaluated 
by a DVRT (MicroStrain, Inc). For the underwater test, the transducer was placed in an anechoic 
water tank (5.3 m wide, 7.9 m long, and 5.5 m deep) 2.78 meter under the water. 

ELECTROMECHANICAL PROPERTIES OF ELECTROSTRICTIVE P(VDF-TRFE) 
POLYMERS AND MULTILAYER ACTUATORS 

Electromechanical properties of electrostrictive PfVDF-TrFE) based polymers 

P(VDF-TrFE) is a well known 
ferroelectric polymer and in most cases, it is 
used as piezoelectric materials [8]. Compared 
with piezoceramics, the electromechanical 
responses of P(VDF-TrFE) piezopolymers are 
relatively low [9]. For instance, the 
piezoelectric d33=-33 pmA'^ and the 
electromechanical coupling factor k33=0.2, 
much below the level of the piezoceramics. In 
addition, the maximum piezoelectric strain 
level is about 0.1%. However, by a proper 

-100 100 150 0        100    0 50 

Electric Field (MV/m) 

Figure. 1 (a) Longitudinal Strain versus electric 
field for unstretched and irradiated P(VDF- 
TrFE) 68/32 copolymer film; (b) Amplitude of 

modification, P(VDF-TrFE) can be converted transverse strain versus amplitude of electric 
to an electrostrictive polymer with a high g^j^j f^j. stretched and irradiated P(VDF-TrFE) 
strain response and high elastic energy density gg/32 copolymer fihn. 
[5].  For  example,  in  high-energy  electron 
irradiated P(VDF-TrFE), a thickness strain (longitudinal strain S3) of-5% can be induced under 
a field of 150 V/nm [10]. In uniaxially stretched and irradiated P(VDF-TrFE) films, a transverse 
strain along the stretching direction of more than 4.5% (see figure 1) and an electromechanical 
coupling factor k3i of 0.45 can be obtained. More interestingly, such kind of high electrostrictive 
response can also be obtained by non-irradiation approach [7]. In poly(vinylidene fluoride- 
trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE)] terpolymer, an electrostrictive 
strain S3 of more than -5 % has been observed. 

Table I. Elastic energy of some electroactive materials at room temperature 

Materials Direction Y 
(GPa) 

S„ 
(%) 

YS„'/2 
(J/cm^) 

YS„^/2p 
(J/kg) 

Stress 
(MPa) 

Relative 
Speed 

Piezo-ceramic 
(PZ1-5H) 

Longitudinal 64 <0.2 0.13 17 128 >lMHz 
Transverse 64 <0.1 0.03 4 64 

Piezo 
P(VDF/TrFE) 

Longitudinal 4 <0.15 0.0045 2.5 6 >lMHz 

Irradiated 
PXVDF/TrFE^ 

Longitudinal ¥33=0.5 5.0 0.63 313 25 >100kHz 
Transverse Yi 1=1.0 4.0 0.8 400 40 

P(VDF/TrFE) 
based terpolymer Longitudinal Y33>1.1 4.5 1.1 557 45 >100kHz 
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Table I summarizes those results. For electromechanical applications, in addition to the 
maximum induced strain, the elastic energy density is another important parameter. In the table, 
both gravimetric elastic energy density (YSni^/2p) that is related to device weight and volumetric 
energy density (YSni^/2) that is related to the device size, are included, where Y, Sm and p are the 
Young's modulus, maximum induced stram, and density of the material. The data for the 
piezoceramic and piezopolymer P(VDF-TrFE) are also listed for the comparison. 

Fabrication and characterization of multilayer stacks 

Most of the piezoceramic based actuators are in the multilayer form. The main purpose of the 
multilayer approach is to reduce the applied voltage. In the current design of the flextensional 
transducer (see figure 2) employing tiie electrostrictive P(VDF-TrFE) as the active element, 
multilayer stacks were also used to reduce the driving voltage. The uniaxially stretched high- 
energy electron irradiated P(VDF-TrFE) fihns were chosen since it delivers high transverse 
strain response and high electromechanical coupling factor. 

(a) ^Stretching direction^ (b) ^ Stretching dinection^ 

Electrodes 
Polymer 
stack 

Flextensbnal 
shell 

Plastic 
block Electroactive 

Polymer Layer 

Figure 2. (a) Multilayer structure used in this investigation and the electrode 
pattern, (b) Flextensional transducer configuration. 

The preparation and irradiation of the copolymer films have been described in earlier 
publications [6]. The fihns after irradiation have an average thickness of 15 ^m. The multilayer 
stacks were fabricated in three steps. First, the two irradiated fihns were bonded together to form 
a bilayer to improve the dielectric strength. Those bilayers were electroded by Au sputtering to 
the required electrode pattern as shown in figure 2(a). The electroded bilayers were finally 
laminated together to form a multilayer stack. To ensure an effective stress and strain coupling 
between the electroactive polymer layers while maintaining high electromechanical performance, 
the epoxy glue should meet two requirements: provide relatively strong boning between 
polymer fihns and the glue layer thickness should be thin. A series of epoxy glue materials were 
examined in this investigation, including Spurr epoxy (Polysciences, Inc.), Strain glue, 30 
minutes epoxy, and different Cyanoacrylate adhesives. It was found that among them, Spurr 
epoxy yields the thinnest bonding layer thickness (1 |im or below) and also offers relatively 
strong bonding strength as tested by the peeling method. 

For the multilayer stacks thus prepared, as observed in figure 1, the field induced strain of a 
multilayer stack is 77% of the single layer strain and the elastic modulus of the multilayer stack 
is higher than that of polymer film. 

For the flextensional transducers to be investigated, multilayer stacks of 1 mm thickness, 
consisting of 30 layers of irradiated copolymer bilayer fihns (the thickness of each bilayer is 31 
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|jm), were used. The electroded area is 22 mm x 22mm 
while the sample width and length (parallel to the 
stretching direction) are 25 mm and 31 mm, respectively. 

The high frequency performance of the multilayer 
stacks was examined in terms of its electromechanical 
resonance. As shown in figure 3, an electromechanical 
resonance at about 17 kHz, which corresponds to the 
resonance along the length direction of the multilayer 
stack, was observed when the multilayer stack was under 
a DC bias field of 17 V/nm. The resonance was very 
similar to that observed in single layer films. Because of 
relatively low electromechanical response for the active 
polymer films in perpendicular to the polymer film 
stretching direction, no strong resonance was detected 
along the width direction of the multilayer stack. 

10 

Frequency (kHz) 

Figure 3. The impedance (|Z|) and 
phase angle of a flextensional 
transducer under a DC bias of 17 
V/pm. 

ACTUATOR PERFORMANCE OF THE FLEXTENSIONAL TRANSDUCER 

As has been demonstrated in earlier investigations by Newnham, etal [11,12], a flextensional 
actuator with a structure shown in figure 2(b) can generate relatively large displacement and also 
force output. Because of the much higher strain level in the electrostrictive P(VDF-TrFE), it is 
expected that such a device based on those active polymers will produce large displacement with 
relatively high force output. 

The displacement observed at 1 Hz in flextensional transducers with different displacement 
amplifications is presented in figure 4. In the transducer, two plastic blocks (made of plexiglass) 
as shown in figure 2(b) to hold the spring steel sheet as the flextensional elements, are attached 
(glued using 30 minutes epoxy and mechanical screws) to the two ends of the multilayer stack. 
The spring-steel sheets are forced to fit into the plastic blocks to form an arc shape. 
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Figure 4. (a) Displacement output of two flextensional transducers versus external electric field 
of 1 Hz. (b). Displacement output of a flextensional transducer, which corresponds to 6h/5L=1.8 
in (a), versus external mechanical load. Where 5h/5L is the displacement amplification ratio, that 
is, the 8h is the displacement at middle point of the transducer corresponding to the length 
change (6L) of the multilayer. 

It should be noted that in each flextensional transducer, there are two flextensional elements, 
generating total displacement 26h (the data in figure 4(a) is 25h). It is interesting to note that the 
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displacement output of such a device can be more than 1 mm. In addition to the high 
displacement output, the flextensional transducer with EAP stacks also exhibits relatively high 
load capability. 

TRANSDUCER PERFORMANCE OF THE DEVICE 

For the underwater test, the flextensional transducer was sealed by a polymer of low elastic 
modulus (polyurethane, trademark C0NATHANE@EN-9, CONAP, Inc.). The polyurethane 
coating serves two purposes: to provide electric insulation of the transducer from the water and 
to prevent the water from leaking into the space between the flextensional shell and EAP stack. 

Both the TVR and FFVS of the transducer were characterized by a hydrophone placed 3.3 
meters away from the transducer with one flextensional element directly facing the hydrophone 
and the other facing in the opposite direction. The directivity pattern was measured by rotating 
the transducer. In the frequency range from 1 kHz to 5 kHz, it was found that the transducer 
shows an omnidirectional pattern. This is due to the fact that the dimension of the transducer is 
much smaller that the acoustic wavelength which is 1.5 m at 1 kHz and 0.3 m at 5 kHz, 
respectively. The observed TVR and FFVS are presented in figure 5. 

Figure 5. (a) TVR versus 
frequency for a 
flextensional transducer 
under different DC bias 
and with different driving 
AC filed, (b). FFVS (Free- 
Field Voltage Sensitivity) 
versus frequency for the 
same transducer. 

Frequency (kHz) hrequency (kHz) 

The TVR curve exhibits a broad resonance around 1.7 kHz, which results in a low 
mechanical quality factor Qm [=fr/(fh-fi)] of the projector, where/^ is the resonance frequency, 
whileyj, and^ are the half-power frequencies which can be determined from the -6 dB points in 
the TVR curve. For the transducer examined here, Qm=1.55. The TVR near the resonance is 
122.5 and 123.2 dB re 1 ^PaA^ @lm for the device under DC bias fields of 33 V/|im and 50 
V/|xm, respectively. 

For an elecfrostrictive material such as the irradiated P(VDF-TrFE) copolymers used here, an 
effective piezoelectric state can be induced by a DC bias electric field. Thus, the material can 
also be used in sensing the acoustic signals. For a DC bias field of 50 V/|uni, the FFVS of the 
flextensional fransducer can reach -177.5 dB re 1 V/fiPa near the resonance frequency. 

As an electrostrictive material, the elecfromechanical response increases with DC bias field if 
the DC field is far below the saturation field, which is the case for the DC fields used here as can 
be seen from figure 1. The observed increase in both TVR and FFVS is consistent with this. 

In addition to the relatively high TVR at such a low frequency, the flextensional transducer is 
also capable of generating high source level (SL) because of its high saturation field (figure 1). 
For the flextensional transducer investigated here, a field of 50 V/|jni is equal to 1500 volts 
applied to each bilayer (about 30 \im thickness). If such a field is applied to the transducer, a SL 
of more than 186 dB re 1 ^Pa@lm can be achieved. It should be noted that because the 
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transducer dimension in the current device is much smaller than the acoustic wavelength, the 
acoustic impedance Za of the medium (water) as seen by the transducer is nearly imaginary 
(mass-like load). As a result, the transducer efficiency is low. By working with an array with 
increased source dimension, the efficiency can be improved significantly. 

SUMMARY 

A flextensional transducer is developed, which employs the high strain electrostrictive 
P(VDF-TrFE) as the active element and two ends fixed flextensional elements to achieve 
displacement amplification. In the cunrent design, a multilayer stack was used. Because the 
actuation of the active polymer is along the fihn surface direction, the flextensional elements are 
designed to ensure the active polymers are under tension. 

Both actuator and transducer performances of the flextensional transducer are presented. It is 
shown that the device (F'xl" lateral dimension and a few mm thick) is capable to generate a 
displacement of more than 1 mm with a load of more than 10 N. As an underwater transducer, 
the device exhibits a resonance low fi-equency (<2 kHz) while generating a relatively high TVR 
(-123.2 dB re 1 (iPaA^ @lm), FFVS (—177.5 dB re lV/|iPa). Because of the high saturation 
field, the device has the capability to achieve a SL of more than 185 dB per 1 |LiPa@lm 
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ABSTRACT 

In 1998, Zhang et al. [1] demonstrated that large doses of high-energy beta radiation 
could transform certain vinyhdene fluoride-trifluoroethylene (PVDF-TrFE) copolymers into 
high-strain electrostrictors. Since that time, U.S. Navy researchers and their colleagues have 
been analyzing irradiated PVDF-TrFE copolymers to determine what physical and chemical 
changes are associated with the materials' desirable high-strain electrostictor properties. The 
most obvious radiation-induced structural change is the introduction and retention of more 
gauche-type linkages in the PVDF-TrFE polymer chains at room temperature as evidenced by 
FT-IR spectroscopy, and X-ray diffraction data. These additional gauche linkages function as 
defects in the long, all-trans sequences normally found in PVDF-TrFE copolymers and, in 
effect, break up those sequences into the nano-polar domains necessary for high-strain 
electrostriction. The key role played by the beta radiation in this scenario appears to be the 
introduction of chemical changes (pendant groups, cross-links and carbon-carbon double bonds) 
that preserve a higher percentage of gauche linkages below the polymer's Curie temperature. 
TGA, TGA-MS, 19-F NMR, FT-IR, and DMA data supporting the existence of these beta 
radiation-induced chemical changes will be presented. This research has important implications 
for synthetic polymer chemists interested in improving the existing materials and/or creating 
new, high-strain polymeric electrostrictors with or vdthout the use of beta radiation. 

INTRODUCTION 

Ferroelectric polyvinylidene fluoride PVDF and vinylidene fluoride-trifluoroethylene 
copolymers PVDF-TrFE have earned a niche as choice transducer materials for imdersea sensors 
and projectors [2]. This interest is in part due to the lower weight, greater 
conformability/flexibility, and easier fabrication of these electroactive polymers as compared to 
lead-based ceramics that have been the traditional materials of choice in Navy sonar 
applications. Still, piezoelectric polymers such as PVDF and PVDF-TrFE suffer from relatively 
low energy densities and low couphng. In 1998, researchers at Penn State University 
demonstrated that PVDF-TrFE copolymer fihns can be converted into high strain/high energy 
density materials by electron bombardment [1]. Beta radiation converted normal, ferroelectric 
copolymer into a relaxor ferroelectric exhibiting electrostrictive strains exceeding 4%. The 
discovery of so-called "giant" electrostrictive strains in PVDF-TrFE copolymers has renewed 

EE5.6.1 



interest for the use of these materials in a variety of appHcations such as transducers, actuators, 
and sensors. 

To fully achieve the potential of electrostrictive PVDF-TrFE for these applications, it is 
desirable to understand the effects of irradiation on the chemical and physical structure of the 
copolymer. The ultimate goals of this research are: (1) to improve certain properties of the high- 
strain electrotrictive copolymer (e.g., lower the dielectric losses, improve electromechanical 
coupling, and reduce the required coercive fields), and (2) to eliminate the need for beta 
irradiation and produce high-strain, electrostrictive PVDF-TrFE copolymers solely via chemical 
synthesis. 

EXPERIMENT 

PVDF-TrFE copolymer powder, 65 mol% VDF and 35 mol% TrFE, was obtained from 
Solvay and Cie (Brussels, Belgium). The mean molecular weight was about 200,000. Films 
were fabricated by solvent-casting from methyl ethyl ketone, followed by aimeaUng for one hour 
at 140°C and cooling to room temperature. The fihn thicknesses ranged from about 5 [xm to 
over 200 ^m. The PVDF-TrFE films were irradiated with 1.2 and 2.55-MeV electrons in a 
nitrogen atmosphere at selected temperatures. The total absorbed doses were from 20 to 200 
Mrads. The electron irradiation experiments were performed at the Massachusetts Institute of 
Technology's High Voltage Research Laboratory in Cambridge, MA. 

Thermogravimetric analysis (TGA) data were collected using a TA Instruments model 
2950 TGA. TGA/GC-MS experiments were performed under the direction of Dr. Wei-Ping Pan 
at Western Kentucky State University using a TA Instruments model 2960 SDT interfaced to a 
Pegasus n GC-MS system. Dynamic mechanical analysis (DMA) data were collected using a TA 
Instruments model 2980 DMA. Fourier transform infrared (FTIR) spectra were recorded at room 
temperature using a Nicolet model 510 Fourier transform infi-ared spectrometer. Ultraviolet 
(UV) absorption spectra of the fibns were obtained with a Perkin-Ehner Lambda 14 ultraviolet- 
visible spectrometer. X-ray diffi-action (XRD) experiments were performed using a Philips 
model PW-3040 X'Pert X-ray diffractometer. Nuclear magnetic resonance (NMR) experiments 
were performed under the direction of Professor Karen Gleason at the Massachusetts Institute of 
Technology using a homebuilt spectrometer tuned to the 'V Larmor frequency of 254.0 MHz. A 
Chemagnetics 3.2 mm variable temperature solids probe capable of a maximum spiiming speed 
of 25 kHz was used to achieve high resolution magic angle spiiming (MAS). 

RESULTS 

TGA data from irradiated and unirradiated PVDF-TrFE copolymer fihn samples 
indicated that irradiation makes the copolymer samples less thermally stable. The 2% TGA 
conversion temperatures for irradiated samples were lower than the corresponding value for 
unirradiated films. In addition, as the absorbed dose increased, the 2% conversion temperature 
decreased. These data were confirmed by TG-GC/MS experiments. Irradiated samples exhibited 
mass loss events beginning at about 200°C that were caused by the loss of-CFs and -CH2CF3 
fragments from the polymer chains. These types of fragments were not seen in TG-GC/MS 
experiments conducted on unirradiated films. Both irradiated and unirradiated fikns exhibited 
mass loss events characterized by the loss of CO2, H2O and HF at temperatures above 250°C. 
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19T F solid state magic angle spinning NMR experiments indicated that the major change in 
PVDF-TrFE copolymer upon irradiation was the appearance of-CFa-containing pendant and 
end groups. The most abundant of the new groups was the >CH-CF3 pendant group. Detected in 
smaller abundances were -CF2-CF3, -CHF-CF3, and -CH2-CF3 end groups, as well as an 
unsaturated end group, =CH-CF3. The abundance of these -CF3-containing groups increased 
lineariy with the absorbed dose. The NMR spectra of irradiated fihns were not as sharp or as 
detailed as the spectra of their unuradiated counterparts. This is believed to be a resuh of 
crosslink formation in the irradiated samples. 

UV-Vis spectroscopy detected the presence of a "shoulder" superimposed on the "normal" 
(i.e., unirradiated) PVDF-TrFE copolymer UV-Vis spectrum between 200 and 250 nm for all 
irradiated samples. This intensity of this "shoulder" increased as the absorbed dose increased. 

FT-IR spectroscopy indicated that, as the absorbed dose increased, the infrared spectra of the 
irradiated PVDF-TrFE fihns at room temperature began to look more and more like the spectra 
of unirradiated films above their Curie temperature [3,4,5]. Infrared absorptions indicative of 
all-trans conformations decreased in intensity, while those indicative of tttg and tgtg 
conformations increased in intensity (figure 1). At the highest absorbed doses examined during 
this study, this trend began to reverse. Li addition, the infrared spectra of irradiated samples 
exhibited absorptions between 1700 cm"' and 1800 cm'' indicative of carbon-carbon double 
bonds. 
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Figure 1: Effects of beta radiation on polymer chain conformations 
in 65/35 PVDF-TrFE 

Wide-angle XRD experiments yielded data similar to those provided by FT-IR spectroscopy 
(figure 2).Unirradiated samples, and samples that had absorbed very low doses of beta radiation, 
exhibited a (200/110) peak [6] between 19.6° and 20.0° 20 characteristic of type I (all-trans) 
crystallites in PVDF-TrFE. At absorbed doses greater than 40 Mrads, the (200/110) peak shifted 
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to a value between 18.4° and 18.8° 29. Those values are characteristic of the type n (tgtg) 
crystallites in PVDF-TrFE. At an absorbed dose of 120 Mrads, the (200/110) peak was located 
at 18.6° 20, but a minor peak was also visible at 19.6° 29. This minor peak (also seen in samples 
with beta radiation doses of 40 and 60 Mrads) is indicative of the all-trans polymer 
conformation. At 40 and 60 Mrad doses, the minor 19.6 20 peak represents some of the 
originally-present all-trans sequences surviving the electron bombardment. The reappearance of 
this peak in the 120 Mrad dose sample indicates some significant trans sequences are 
regenerated in higher dose samples. 
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Figure 2: Effects of beta radiation on the (200/110) XRD peak for PVDF-TrFE 

DMA traces were obtained from unirradiated PVDF-TrFE and from PVDF-TrFE samples 
that had absorbed up to 120 Mrads of beta radiation. The post-glass transition E' values did not 
increase with the absorbed radiation dose. Instead, the E' values for all of the irradiated samples 
were lower than corresponding E' values for xmirradiated PVDF-TrFE. DMA data (figure 3) also 
indicated that the glass transition temperature of the PVDF-TrFE samples initially increased as 
the absorbed dose increased; however, at an absorbed dose of 80 Mrads, this trend stopped, and 
thereafter reversed. 

DISCUSSION 

From the experimental observations accumulated to date, a clearer picture is emerging of 
the effects of electron-irradiation on PVDF-TrFE and the consequences of these changes on the 
ferroelectric and relaxor properties of this material. The available literature on radiation 
chemistry of fluoropolymers indicated that the dominant change should be chain 
scission/molecular weight reduction if the irradiation was carried out below the polymer's 
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melting temperature, and crosslinking/molecular weight increases if it was carried out at 
temperature above the meUing point [7,8,9,10,11]. One study [12] indicated that some carbon- 
carbon double bonds might be produced. The present study has produced strong evidence for 
two chemical changes (pendant group and carbon-carbon double bond formation) in addition to 
the expected chain scissioning events. Evidence was also obtained that crosslinks may form in 
PVDF-TrFE when it is irradiated below its melting temperature, as has been reported by other 
researchers [13]. 
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Figure 3: DMA E' data from irradiated and unirradiated samples. 

19T The   F NMR, TGA, and TG-GC/MS results are consistent with the formation of pendant 
groups on the main polymer chains. The majority of these groups appear to be small (one or 
perhaps two carbon atoms in length). The attachment points for branches to the main polymer 
chains tend to be the weakest links in such polymers, and the loss of those branches upon 
heating (as in a TGA experiment) would be expected before evidence was seen of the main 
chains themselves breaking down. 

One might question whether or not a significant amount of chain scission also occurs 
during the irradiation process. The data collected to date suggest that chain scission is not a 
major factor until the samples absorb large amoimts of beta radiation (> 80 Mrads). The major 
evidence for this is the DMA data documenting the change in glass transition temperature with 
absorbed dose. Up until an absorbed dose of« 70 Mrads is reached, the glass transition 
temperature of the polymer increases, while at the same time (as evidenced by TGA data) its 
thermal stability is decreases. These two data sets are inconsistent with large amounts of either 
crosslinking or chain scission, but they are consistent with pendant group formation. 

Evidence for the formation of some xmsaturated carbon-carbon bonds now exists from at 
least three sources. The UV-Vis spectra's absorption "shoulder" that increases in intensity with 
absorbed dose is consistent with the presence of some carbon-carbon double bonds in the 
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irradiated films, as are the absorptions detected between 1700 cm' and 1800 cm  by FT-IR 
spectroscopy. Direct evidence for the generation of at least some carbon-carbon double bonds 
was obtained firom the '^F NMR experiments. 

The effects of high doses of beta radiation (>100 Mrads) on PVDF-TrFE copolymers are 
interesting. Until these high doses are reached, the net result of all the radiation-induced 
chemical changes is to make PVDF-TrFE copolymers contain more type n (tgtg) and type HI 
(tttg) conformations at room temperature. Normally, such forms are not favored at such low 
temperatures, and form I (all trans) is the dominant conformation. At the highest absorbed doses, 
however, the formation of form I polymer chain conformations appears to be favored within the 
crystallites. These observations are supported by both FT-IR spectroscopy and wide-angle XRD 
data. In addition, DMA glass transition data indicate the glass transition of the irradiated 
copolymer begins to decrease at these high absorbed doses. All of these observations are 
consistent with an increase in the number of chain scission events at the expense of the other 
types of changes previously discussed. 

CONCLUSION 

The chemical and conformational changes documented during the course of this study 
have indicated that the electromechanical properties of irradiated PVDF-TrFE films are sensitive 
to the types of changes the electron bombardment produces within the films. The kinds of 
changes produced vary with the absorbed dose. To date, the best performing (in an 
electromechanical sense) irradiated fihns typically are those that have absorbed between 60 and 
80 Mrads of beta radiation. Those doses are at the upper end of the range where pendant groups, 
crosslinks and carbon-carbon double bonds are generated, but are not high enough for chain 
scission to be the dominant radiation-induced change in the polymer. Up until a dose of about 
100 Mrads, the radiation-induced changes in the PVDF-TrFE samples tend to preserve gauche- 
type conformations at the expense of all-trans conformations. At doses above 100 Mrads, the 
dominant radiation-induced change in the copolymer samples becomes chain scission, and the 
trans/gauche trend reverses. This suggests that chemical changes that preserve a higher than 
normal amount of gauche character within the copolymer are critical to the "giant" 
electrostrictive effect in PVDF-TrFE. These observations provide a great deal of insight into the 
mechanism of "giant" electrostriction in PVDF-TrFE fihns, and they provide important 
information for synthetic polymer chemists interested in producing "giant" electrostrictor 
polymers without the use of radiation. 
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ABSTRACT 

The finding that irradiation of copolymer films serves to breakup the large crystalline 
regions into polar microregions resulting in a high-strain electrostrictive material has 
prompted an investigation to identify alternative routes to electrostriction.  To determine 
whether these changes could be reproduced without the need for electron-irradiation, 
computations on PVDF-TrFE) terpolymer chains containing small levels a third monomer 
incorporating chlorine have provided a theoretical fi-amework to support the hypothesis that 
the introduction of chlorine in the polymer chain can produce similar structural defects that 
disrupt the polar all-trans regions into smaller regions. These calculations demonstrate that 
polar nano-regions can be created since introduction of bulky chlorine atoms into the 
polymer chains creates conformational defects that provide tiie mechanism to break up the 
long-range crystalline regions. The disrupted polar regions can be regarded as distorted 
defect structures that give rise to random fields and electrostriction. Theoretical predictions 
as well as experimental support will be presented that show that certain chloro-monomers 
such as -CFCI-CH2- are indeed quite able to convert P(VDF-TrFE) films into high-strain, 
electrostrictive films. 

INTRODUCTION 

Electrostriction refers to the high strains displayed by certain materials when stressed by 
electric fields. The magnitude of the electrostrictive strain can be described by the following 
equation: 

S = QP' (1) 

Where Q is the electrostrictive coefficient and P the polarization of the material [1]. Most 
materials in nature are electrostrictive but only a few have actually been considered for 
applications requiring large strains. For example, ferroelectric polymers such as poly(vinyhdene 
fluoride-trifluoroethylene) [P(VDF-TrFE)] films, previously annealed, can be converted into an 
electrostrictive material by exposure to high energy electron-bombardment [2]. It is believed that 
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electron bombardment of high crystalline P(VDF-TrFE) films breaks up the long-range 
ferroelectric region into polar microdomains thereby broadening the ferroelectric-to-paraelectric 
transition and moving the transition to a lower temperature where high strains can be observed 
when the films are driven by large electric fields. Differential scanning calorimetry, x-ray 
diffraction, and fourier transform infi-ared spectroscopy have been used to characterize the changes 
in the polymer films on electron bombardment and the ensuing effects on polymer structure [3]. 
These experiments support a theory where the polar all-trans form I (P), long-range ferroelectric 
regions of annealed P(VDF-TrFE) films are converted by electron-bombardment into nanoregions 
consisting of coexisting I, II (a), and III (y) crystallites. The collective polarizations of these 
crystalline regions give rise to a macroscopic polarization and increase in the dielectric constant. 
In form II, the packed chains exhibit the tgtg' (t = trans; g,g' = gauche) conformation, resulting in 
a nonpolar crystallite. In form III crystals, where the chain conformations are tttgtttg'ihe crystal 
lattice is monoclinic, and the aligimient of the form III chains perpendicular to the chain axis is in 
one direction resulting in a polar cell. 

Recently, several groups have discovered that terpolymers of P(VDF-TrFE) with small 
concentrations of a chloro-monomer also display electrostrictive behavior, without the need for 
electron bombardment [4-6].   It has been reasoned that substitution of small amounts of a third 
monomer containing a large atom, i. e., chlorine whose van der Waals radius is 1.8 A [7], into a 
P(VDF-TrFE) chain should facilitate the disruption of long trans sequences. In an effort to 
elaborate the mechanism of electrostriction in the terpolymers studied to date, we have been 
performing molecular dynamical (MD) simulations on model polymer chains and crystal lattices. 
In this paper, we present the results of these simulations and how they can provide insight into the 
structure of an electrostrictive polymer. 

APPROACH 

The models chosen in this study included 100-monomer long random chains of (1) - 
CH2CF2- (PVDF); (2) -CHFCF2- (PTrFE); (3) -CFCICF2- (PClTrFE); (4) -CHFCH2- 
(PCIFE); (5) a random chain of 50 monomers of VDF and 50 monomers of TrFE (50/50 
P(VDF-TrFE); (6) a random chain of 40 monomers of VDF, 40 monomers of TrFE, and 20 
monomers of ClTrFE (40/40/20 P(VDF-TrFE-ClTrFE); and (7) a random chain of 40 
monomers of VDF, 40 monomers of TrFE, and 20 monomers of CIFE (40/40/20 P(VDF- 
TrFE-ClFE). A multichain model comprised of 8 individual chains of 10-monomer units of 
P(VDF-TrFE-ClTrFE) packed into a crystal was also studied. Computations were performed 
on a Silicon Graphics Indigo 2 Workstation utilizing the Accelrys Cerius 4.2 package. To 
model the molecular dynamics of single chain polymers, the single chains were generated 
with initial all-trans conformations, and then minimized using the PCFF forcefield that was 
especially designed to handle polymer structures [8]. The PCFF forcefield includes bond, 
angle, torsion, and short and long-range nonbonded Coulombic and van der Waals 
interactions. After minimization, the chains were in almost fiilly extended trans 
conformations. MD simulations on a constant-temperature, constant-volume ensemble of the 
starting structures proceeded for at least 100 ps in time steps of 0.001 ps. MD simulations 
were also performed on a multichain superlattices of P(VDF-TrFE) and P(VDF-TrFE- 
ClTrFE)forl60psat300K. 
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RESULTS AND DISCUSSION 

End-to-end distances 

Molecular dynamical simulations were first performed on single chain models PVDF, 
PTrFE, PClTrFE, and PCIFE at 300 K. At 100 ps, the end-to-end distances were calculated 
(table 1). The PVDF single chain exhibits the largest number of gauche linkages, given its 
smallest end-to-end distance, which implies the presence of gauche bonds in the polymer 
chain.. This conclusion is supported by the experimental fact that PVDF crystallizes from its 
melt into a mixture of form II crystallites and amorphous regions [9]. The largest end-to-end 
distance, which is displayed by PTrFE, is consistent with the thermodynamic stability of the 
all-trans conformation of the TrFE monomer compared with its gauche form. That the 
addition of the third fluorine atom in VDF raises the energy of the gauche form relative to 
the trans conformation is supported by the experimental observation that vwth increasing 
TrFE levels, P(yDF-TrFE) is favored to anneal directly into all-trans lamellar crystals [9]. 
The end-to-end distance of the single chains of PClTrFE indicates the propensity for 
formation of trans bonds of this monomer, given the considerable steric crowding in this 
monomer. On the other hand, chain folding in PCIFE, in which there is less steric crowding, 
results in intermediate end-to-end distances. 

Dihedral distributions 

The dihedral distributions of several chains were calculated after 400 ps, 300 K 
simulations. A single chain of PVDF yielded an almost equal distribution of gauche and 
trans conformations. The dihedral distribution of 50/50 P(VDF-TrFE) is richer in trans, 
however, as predicted from the greater thermodynamically stabiUty of the trans conformation 
of the TrFE unit. Similarly, as shown in figure 1,40/40/20 PClTrF is shown to favor trans 
while PCIFE exhibits a greater percentage of gauche bonding. These results provide fiirther 
support that the steric congestion in PClTrFE favors trans bonding. Interestingly, when the 
dihedral distributions of PClTrFE and PCIFE are compared in this fashion, it may be 
conjectured that annealing of PCIFE should favor a greater proportion of mixed tgtg', 
tttgtttg', and all-trans forms. 

Table I. End-to-end distances of single chains following MD simulation 

Polymer End-to-end distance (A) 
PVDF 23.08 
PTrFE 77.0 
PClTrFE 76.1 
PCIFE 49.8 
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Figure 1. Dihedral distributions following an MD simulation at 300 K of 100 monomer 
chains of PCIFE (left) and PCTrFE (right). 

Molecular dynamical simulations of PClTrFE 

The question arises concerning the role of the third monomer in electrostriction. As has 
been postulated in electron-irradiated P(VDF-TrFE), the break-up of the long-range crystal 
regions into disorted polar structures may be responsible for electrostrictive behavior [6]. 
This is supported by the almost complete disappearance of the Curie transition, which is, in 
fact, almost indiscernible after irradiation. This implies a dramatic change in crystallinity. 
Infrared spectra of the irradiated films provide addition and unequivocal evidence of 
coexisting forms I, II, and III, suggesting that irradiation induces distortions in the t and g 
angles [10]. To examine the effects of chlorine substitution on the degree of torsional 
distortions in a crystal superlattice, MD simulations were performed at 300 K on 50/50 
P(VDF-TrFE) and 40/40/20 P(VDF-TrFE-ClTrFE) superiattices for 160 ps. These models 
were constructed and initially minimized as form I crystals. The geometries equilibrated 
after about 10 ps. In both cases, the structures are monoclinic with a slight increase in the 
lattice dimensions of the terpolymer (table Df). The increase in the lattice volume is 
consistent with the presence of chlorine atoms. 

Table II. Average lattice dimensions of Form I superiattices during MD simulations 

Polymer a (A) 
a(°) 

b(A) c(A) 
Y(°) 

Superlattice 
volume (A^) 

50/50 P(VDF-TrFE) 18.17 
90.65 

9.92 
72.93 

26.18 
89.08 

4512 

40/40/20 P(VDF-TrFE-ClTrFE). 18.39 
91.16 

10.03 
72.40 

26.28 
89.22 

4614 
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The torsion energies of these structures and their distributions during the simulation are 
displayed in figure 2. The higher energy of the terpolymer is a result of increased steric 
congestion in the polymer chains. However, there is also a clear difference in the 
distributions of these torsion energies: for the terpolymer, the distribution of firequencies is 
noticeably broader. This implies that a wider range of torsion angles predominates in the 
annealed terpolymer. The torsion angles, however, are distributed about 180°, as deduced 
from figure 1. Again, the widening of the torsion angles can be attributed to the steric 
crowding in the terpolymer resulting in distorted trans dihedral angles. 

CONCLUSIONS 

The MD calculations presented m this paper demonstrate that substitution of chlorine 
atoms in P(VDF-TrFE) copolymers forces the d\\-trans crystallites into distorted structures. 
This effect is attributed to the large van der Waals radius of the chlorine atom. This is 
confirmed by the dihedral distributions of the PClTrFE terpolymer as well as the histogram 
showing a large spread of torsion energies that imply a broad distribution of trans angles. 
Furthermore, given the larger lattice volume calculated for the terpolymer superlattice, 
distorted structures become more accessible due to enhanced dynamical motion in the 
expanded lattices. This analysis supports a picture where introduction of ClTrFE into the 
polymer chain produces defect structures with random fields that prevent long-range 
ferroelectric coupling. Because the ferroelectric states are destabilized, relaxor behavior 
possible. 

The dihedral distribution of the terpolymer with a -CCIF-CH2- suggests that this 
terpolymer will exhibit a greater percentage of gauche bonding, and a potentially enhanced 
electrostriction with high mechanical strains. The MD approach described in this paper is 
currently being applied to multichain superlattices of PCIFE, as well as to an evaluation of 
the dynamical and temperature-dependent behavior of forms n and III of the models 
presented here. 
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Figure 2. Distributions of the torsion energies for the ter- and copolymers 
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ABSTRACT 

The structural properties of a class of relaxor ferroelectric polymer, poly(vinylidene fluoride- 
trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE)] terpolymer, were investigated and 
compared with those of the poly(vinylidene fluoride-trifluoroethylene) [P(yDF-TrFE)] 
copolymer, the electron-irradiated copolymer, and the chlorotrifluoroethylene (CTFE) based 
terpolymer. The experimental results suggest that the random incorporation of the bulky 
chlorofluoroethylene (CFE) monomer into the polymer chain introduces random defect fields, 
thus randomizing the inter- and intra-chain polar coupling and breaking the large polar domains 
into smaller domain sizes. Furthermore, CFE also favors intra-chain trans-gauche conformation. 
As a resuh, high electrostrictive strain (>5%) was obtained for the terpolymer with a small mol% 
of CFE. 

INTRODUCTION 

Recent work with electron irradiated copolymers has demonstrated that high strain and high 
dielectric constant polymer systems can be realized through introducing defect structures into the 
P(VDF-TrFE) copolymer.' The electron irradiation introduces random defects into the crystallite 
regions such as double bonds, bulky pedant groups, and crosslinkings, which stabihze the trans- 
gauche conformation at room temperature leading to an important change in microstructure and 
transforming the ferroelectric copolymer system into a relaxor ferroelectric, which exhibits large 
electrostrictive strain.^'^ Based on the results on irradiated copolymer systems, it was anticipated 
that similar systems based on a non-irradiative approach could be realized, which would lead to 
the development of several new classes of P(VDF-TrFE) based terpolymers. Previous 
experiments using CTFE and hexafluoropropylene (HFP) ter-monomers have indicated that 
those terpolymer systems can produce the broad dielectric constant peak observed in irradiated 
copolymer samples and generate reasonable electrostrictive strain responses.'* In this paper we 
investigate the P(VDF-TrFE-CFE) terpolymer, as well as how the ter-monomer affects the field 
induced strain response. 

EXPERIMENTAL 

Synthesis and sample preparation 

P(VDF-TrFE-CFE) terpolymers were systhesized by a bulk polymerization method. The 
VDF/TrFE ratio was determined from the 'HNMR and '^FNMR spectra, while the CFE mol% in 
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the terpolymers were ascertained by elemental analysis. For easier comparison to the copolymer 
and irradiated copolymer systems, the composition of the terpolymer is labeled as VDFx-TrFEi-x- 
CFEy where the ratio of VDF/TrFE is x/l-x and the y is the mole% of the third monomer. 

The polymer films were solution cast from a dimethyl formamide (DMF) solution and heated 
for 6 hours at 70°C under vacuum to form films of 10 to 30 pm thick. Samples were annealed at 
a temperature 5 °C less than the melting temperature for 2 hrs. Gold electrodes were sputtered 
onto tiie films for electric measurement. 

Measurement 

The electrostrictive strain was measured using a bi-morph-based cantilever dilatometer,^ a 
lock-in amplifier and a high voltage source. The temperature dependence of the dielectric 
properties were measured on a DEA 2870 Dielectric Analyzer (TA Instruments Co.) with a 
heating rate of 2°C/min. X-ray data were gathered at room temperature using a Scintag 
diffractometer with Ni filtered Cu Ka radiation (X,=l .54A). FT-IR spectra were taken on a Bio- 
Rad FTS-45 Fourier-transform IR spectrophotometer between 4000 and 400 cm'^ 

RESULTS 

Strain and dielectric constant 

The strain data for the CFE terpolymer system is presented in figure 1 and compared with 
the previously measured strain data on the CTFE terpolymer. The CFE and CTFE terpolymer 
systems exhibit high-field-induced longitudinal strains of-5.3% and -4%, respectively. Because 
of the difference in the ter-monomer, the two terpolymers show quite different elastic modulus, 
i.e., the elastic modulus for P(VDF-TrFE-CFE) 62/38/4 is Y=1.0 GPa and for P(VDF-TrFE- 
CTFE) 65/35/10 is Y=0.4 GPa. Combining the strain data with the elastic modulus of each 
terpolymer sample leads to elastic energy densities of 1.4 J/cm^ and 0.32 J/cm^, respectively. 
The unstretched irradiated copolymer system, the Young's modulus is Y=0.4 GPa, with a 
longitudinal strain of-5% and an elastic energy density of 0.5 J/cm^.* It is important to note that 
the CFE system demonstrates the highest longitudinal strain, despite the CFE ter-monomer being 
in lower mol% than in the CTFE system. 

62/38/4 P(VDF-TrFE-CFE) 
I I I I I I i_ 

P(VDF-TrFE-CTFE) 65/35/10 

50 100 
Electric field (MV/m) 

50 100 

Electric Field (MV/m) 

Figure 1. (a) P(VDF-TrFE-CFE) 62/38/4 longitudinal strain as a function of driving field, amplitude 
measured at room temperature and 10 Hz. (b) P(VDF-TrFE-CTFE) 65/35/10 longitudinal strain as a 
function of field measured at room temperature and 10 Hz. 
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Conformation analysis 

The introduction of the third monomer into the polymer chain serves to interrupt the 
ferroelectric domains, thereby reducing their size.^ Random defect introduction, as in the 
irradiated copolymer samples, broadens the ferroelectric transition and reduces the ferroelectric- 
paraelectric transition temperature. The random incorporation of the bulky ter-monomer into the 
polymer chains forces a conformation change from the all-trans (Tn^4) conformation to the trans- 
gauche (TG) and T3G conformations. Figure 2 
demonstrates the change in interchain lattice spacing 
resulting fi-om these changes in conformation. Modeling 
studies have revealed that the CTFE system favors the all 
trans conformation along the chain, but due to the 
increase in the interchain spacing as a result of the larger 
chlorine atom, the polymer chains fall into the TG 
conformation. However, in the CFE system, the TG 
conformation is favored throughout (both inter-chain and 
intra-chain). It is the change in conformation from the 
disordered TG and T3G phase to the all trans P-phase that 
leads to the observed large electrostrictive strain. 

p-phase 

a 

■\P    T 

T-phase 

B = 8.5SA h = 9Mk b = 9.67A 

Figure 1. The conformations and lattice spacing of the different phases of PVDF. 

FT-IR data; conformational changes 

The conformational analysis was undertaken through investigation of the vibrational modes 
of each of the polymer systems. Thus FT-IR spectra were gathered and analyzed for each of the 
polymer systems as shown in figure 3. The copolymer spectrum is characterized by a distinct 
and strong absorption band at 1288 cm'' which belongs to long trans sequences (T„^4) of the 
ferroelectric P-phase as well as weak absorbance bands associated with the TG (610 cm'') and 
T3G (510 cm'') conformations.^'"' 

Upon the random introduction of the CFE and CTFE monomer units, there is a significant 
decrease in the ferroelectric p-phase (Tn,>4 at 1288 cm''), and the molecular conformation of the 
terpolymers correspondingly increases in the T3G (510 cm'') and TG (610 cm'') conformations, 
resulting in a predominantly paraelectric y-phase (T3G) in the terpolymer samples unlike the 
copolymer, which is predominately of the all-trans conformation. ITie method by Osaki et al. 
was used to calculate the fraction Fi of the each chain conformation.^ 
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Fi= 
Aj+Ajj+A (1) 

/// 

Where i= I, II, III, and Ai, An, Am are the absorbencies of the chain conformations with all-trans 
(Tn^4, at 1285 cm''), T3G (peak at 510 cm''), and TG (peak at 610 cm''), respectively.   The 
relative molecular conformation of each polymer sample are presented in Table I. ITie molecular 
conformation for the CFE terpolymer results in a higher percentage of T3G and lower percentage 
of all trans conformation than does the CTFE terpolymer even though the former possesses less 
mol% ter-monomer. This results in more conformations switching from T3G to all-trans and in 
turn a larger observed induced longitudinal strain. It is interesting to note that the amount of T3G 
conformation in the CFE terpolymer is still much less than that for the irradiated copolymer 
sample though they demonstrate similar longitudinal strains. The reason behind this is the 
increased crystallinity in the CFE terpolymer compared with the corresponding irradiated 
copolymer. These data suggest that if the CFE monomer concentration were increased in the 
composition of the CFE terpolymer, for instance to a 65/35/6 P(VDF-TrFE-CFE), there should 
be a corresponding increase in the high-field-induced longitudinal strain. 

Table I. Molecular conformation percentages 

Sample % T„>3 % T3G %TG 
65/35 P(VDF-TrFE) 82 17 1 

65/35/10 P(VDF-TrFE-CTFE) 52 44 4 
62/38/4 P(VDF-TrFE-CFE) 43 50 7 

Irradiated 68/32 P(VDF-TrFE) 0 82 18 

Terpolymer FT-IR Analysis 

P(VDF-TrFE) 65/35 
P(VDF-TrFE-CTFE) 65/35/10 
P(VDF-TrFE-CFE) 62/38/4 

1500 1400 1300 1200 1100 1000  900  600  700  600  500  400 

Wavenumber (cm'') 

Figure 2. Room temperature FT-IR spectra for the P(VDF-TrFE) 65/35, P(VDF-TrFE-CTFE) 65/35/10, 
P(VDF-TrFE-CFE) 62/38/4 between 1500 and 400 cm"'. The spectra demonstrate the conformation 
change upon introduction of CFE and CTFE monomers to the copolymer system. 
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X-ray data: structural changes 

The room temperature x-ray diffraction data on (200,110) reflection, which measures the 
inter-chain distance, for the copolymer, CTFE, and CFE terpolymer systems are presented in 
figure 4. For 65/35 copolymer, the inter-chain spacing deduced from the (110, 200) reflection is 
4.66 A, while the CTFE terpolymer spacing increases to 4.76 A, and the CFE terpolymer 
spacing increases to 4.81 A, close to the inter-chain spacing of the paraelectric phase of PVDF. 
After the introduction of the ter-monomer into the polymer chain, the peak shifts to lower angle 
and therefore indicates the expansion of the lattice witii increasing content of the gauche 
conformation. Again, FT-IR results directly demonstrate the effectiveness of CFE ter-monomer 
in converting the polymer into a non-polar phase compared with the CTFE ter-monomer. 

Terpolymer X-ray Diffraction 

65/35 
65/35/10 CTFE 
62/38/4 CFE 

Figure 3. X-ray diffraction data (200, 110) taken at room temperature for P(VDF-TrFE) 65/35, 
P(VDF-TrFE-CTFE) 65/35/10, P(VDF-TrFE-CFE) 62/38/4 (X-ray wavelength is 1.54 A). Data 
demonstrate the increase m lattice spacing upon introduction of third monomer into the 
copolymer system. 

CONCLUSIONS 

The random mcorporation of the bulky ter-monomer into the P(VDF-TrFE) polymer chain 
introduces random defect fields into the polymer chain and causes disordering of the ferroelectric 
phase. The polar domain size is reduced, and the inter- and intra-chain polar coupling are 
randomized, resulting in the observed ferroelectric relaxor behavior and large electromechanical 
responses. Because of the steric and electrostatic coupling, the ter-monomer introduced will 
have different effects on the all frans conformation, and TG and T3G conformations. The 
criterion for the proper selection of a ter-monomer to be introduced into the polymer is that it 
should favor TG and T3G conformations m the surrounding polymer chains both intra-chain and 
inter-chain. The X-ray results indicate the expansion of the inter-chain lattice spacing due to the 
infroduction of CFE and CTFE in the crystalline phase. Furthermore, both the X-ray and FT-IR 
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data show that CFE is more effective in converting the all trans conformation into TG and T3G 
conformations, as a result a high electrostrictive strain was obtained. 
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Electroactive polymers (EAPs) can behave as actuators, changing 
their shape in response to electrical stimulation. EAPs that are 
controlled by external electric fields—referred to here as field- 
type EAPs—include ferroelectric polymers, electrostrictive poly- 
mers, dielectric elastomers and liquid crystal polymers'"*. Field- 
type EAPs can exhibit fast response speeds, low hysteresis'"* and 
strain levels far above those of traditional piezoelectric 
materials^"*'", with elastic energy densities even higher than 
those of piezoceramics*'*"". However, these polymers also 
require a high field (>70Vnm~') to generate such high elastic 
energy densities (>0.1 Icm~^ refs 4, 5, 9, 10). Here we report a 
new class of all-organic field-type EAP composites, which can 
exhibit high elastic energy densities induced by an electric field of 
only 13 Vnm~*. The composites are fabricated from an organic 
filler material possessing very high dielectric constant dispersed 
in an electrostrictive polymer matrix. The composites can exhibit 
high net dielectric constants while retaining the flexibility of the 
matrix. These all-organic actuators could find applications as 
artificial muscles, 'smart skins' for drag reduction, and in 
microfluidic systems for drug delivery'"'". 

The elastic energy density is a key parameter, measuring both the 
stress and strain generation capability of an actuator material. The 
large operation field required to generate high elastic energy 
densities in EAPs follows from the principle of energy conservation. 
To illustrate this point, we take a field-type EAP which is assumed to 
be a linear dielectric and elastic material. The stored elastic energy 
density U^ when a polymer is strained is Us = l/2YS^, where Vis 
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the Young's modulus and S is the strain. For a field-type EAP, the 
total elastic energy density fi-om all the strains generated cannot 
exceed the input electric energy density because energy must be 
conserved. As a linear dielectric material, this input electric energy 
density is UE = 1/2KBOE^, where E is the applied field, EO is the 
vacuum dielectric permittivity (= 8.85 X 10"'^ Fm"'), and Kis the 
dielectric constant of the polymer. In most of the polymeric 
materials, the dielectric constant K is less than ten" which is far 
below those in the inorganic materials, many of which can reach 
more than 5,000 (ref 14). So in order to generate a high input 
electric energy density which can be converted to strain energy, a 
high electric field is required. For example, to generate a U^ of 
0.1 Jem""'—which corresponds to the elastic energy density of the 
best-performance piezoelectric and electrostrictive ceramics"'^—in 
a polymer with a dielectric constant of ten, and assuming a 50% 
energy conversion efficiency, which is very high for the current field- 
type EAPs, the field required is 67V|xm~'. Therefore, in order to 
reduce the applied field substantially in the field-type EAPs while 
retaining the high elastic energy density that is required in many 
practical applications, we need to raise the dielectric constant of this 
class of polymers substantially. 

The composite approach—where high-dielectric-constant parti- 
culates were added to a polymer matrix—has previously been used 
to raise the dielectric constant of polymer-based materials^'*. 
However, because these high-dielectric-constant fillers (frequentiy 
ceramics) also possess an elastic modulus that is much higher than 
that of the polymers, the resulting composite also showed an elastic 
modulus much higher than that of the polymer matrix and thus a 
loss of flexibility. In addition, the low dielectric constant of the 
polymer matrix (£10) also resulted in the composite dielectric 
constant still falling below 100. 

Recent investigations*'' have shown that the electrostrictive 
poly(vinylidene fluoride-trifluoroethylene) P(VDF-TrFE), belong- 
ing to the class of relaxor ferroelectrics", a class of ferroelectric 
material which in many ways resembles polarglass, exhibits a 
relatively high room-temperature dielectric constant (>40) and a 
high electrostriction (strain >4%). Both characteristics are highly 
desirable in a composite to achieve a high dielectric constant and 
high field-induced strain, and so we chose the electrostrictive 
P(VDF-TrFE) as the matrix material for our composite. 
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We selected a metallophthalocyanine (MtPc) oligomer, copper- 
phthalocyanine (CuPc), as the filler of high dielectric constant 
(> 10,000). Molecular solids formed from MtPc are a class of 
organic semiconductor materials that are finding applications in 
organic transistors, chemical sensors, and organic electrolumines- 
cent devices"'^. A dielectric constant as high as 10^ has been 
observed in CuPc oligomers, whose molecular structure is shown 
schematically in Fig. 1 (refs 19,20). The large dielectric constant can 
be explained in terms of the electron delocalization within MtPc 
molecules^"'^'. The easy displacement of the electrons under electric 
fields from the conjugated ir-bonds within the entire molecule 
results in a high dielectric response. Furthermore, the weak van der 
Waals intermolecular forces render the molecular solids formed 
with an elastic modulus not much higher than the polymer matrix. 
On the other hand, MtPc solids are difficult to process and show a 
high dielectric loss owing to the long-range intermolecular hopping 
of electrons^^. Therefore, the polymer matrix also forms insulation 
layers to reduce significantly the dielectric loss of the filler. 

The resulting composite exhibits almost the same elastic modulus 
as the polymer matrix and retains its flexibility. For composites 
containing 40 wt% to 55 wt% of CuPc, which exhibit high dielectric 
constant while the dielectric loss remains low, the elastic modulus at 
room temperature is in the range of 0.6 GPa to 1.2 GPa. 

The field-induced strain was measured at different applied fields 
at room temperature and under an a.c. field of 1 Hz. Presented in 
Fig. 2 is the strain amplitude measured versus the applied-field 
amplitude for the composite containing 40wt% of CuPc. A strain 
near —2% ( — 1.91%), which is comparable to those in the electro- 
strictive P(VDF-TrFE)-based polymers, can be induced under a 
field of 13V(j.m~\ Combining the strain and elastic modulus 
(0.75 GPa) data yields the elastic energy density of 0.13 J cm~^ for 
the composite under a field of 13 V (ji,m~'. The results indicate that 
this all-organic composite approach can result in a more than six 
times reduction in the applied field compared with the other field- 
type EAPs with similar strain and elastic energy density^''''". For 
comparison, the induced strain from the electrostrictive P(VDF- 
TrFE) copolymer in the same field range is also presented'. For the 
current composite, the applied field of 13 V(xm"' corresponds to 
the breakdown field of the material (the highest field that can be 
applied to the material without electrical shorting), which can be 
increased by improving the composite quality through further 
investigation on composite fabrication methods. At fields lower 
than 10 Vfim"', the composite can be operated over several hours 
without changes in the strain response. 

The results of the strain measurement indicate that the field- 
induced strain S is proportional to the square of the applied electric 

-0.5- 

Rgure 1 Schematic of the copper-phthalocyanine (CuPc) oligomer used as the 

high-dielectric-constant fiiier. 

6        8       10 
E(Vnm-i) 

Figure 2 The strain amplitude as a function of the applied-field amplitude measured at 

room temperature. The applied-field frequency is 1 Hz. Crosses are the data and the solid 

curve is a guide to the eye. For comparison, the strain from the electrostrictive 

P(VDF-TrFE) copolymer at the same field range is also shown (the dashed curve). 
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field, suggesting that the strain response originates from either 
Maxwell stress (the electrostatic force), or the electrostriction, or 
both''''"'". When a dielectric material is subject to an electric field E, 
it will experience an electrostatic force (Maxwell stress) that is due to 
the Coulomb force between charges. The strain induced by the 
Maxwell stress along the applied-field direction is": 

S=l/2^:eo£^(l-l-2ff)/y (1) 

Here we assumed that the dielectric material is isotropic and a is the 
Poisson's ratio. The electrostriction is strain-generated owing to a 
change in the polarization in a material under constant stress, which 
is equal to S = ME^, where M is the electrostrictive coefficient and is 
proportional to the square of the dielectric constant^"". 

Figure 3a presents the dielectric constant as a function of the 
applied-field amplitude at room temperature and IHz for the 
composite containing 40 wt% CuPc. At low fields, the composite 
has a dielectric constant of 225 and a loss factor (D = K"/K') of 0.4. 
With increased field amplitude, the dielectric constant increases and 
at 13V|im~', the dielectric constant is about 425 and the loss 

Sc    40 

1,000 

^  100 

0.6   Q 

-10 12 3 
Log [frequency (Hz)] 

Figure 3 Dielectric properties of the all-organic composites, a, b, The real part of the 

dielectric constant (/f) and dielectric loss (D) as a function of the applied-field amplitude 

for the composite with 40 wt% CuPc (a) and the polymer matrix (b). The field frequency is 

1 Hz. c, The weak-field (100 V cm""") dielectric constant as a function of frequency for the 

composite (squares) and the polymer matrix (crosses). Data points are shown and solid 

curves are a guide to the eye. 

remains relatively low (—0.7) compared with that of the polymer 
matrix (the resistivity of the composite is higher than 10* Q m). For 
CuPc, the dielectric constants should not increase with field 
amplitude^'. The observed increase of the dielectric constant with 
the applied-field amplitude is from the P(VDF-TrFE) matrix, which 
we also measured (Fig. 3b). Such an increase in the dielectric 
constant with the applied-field amplitude in a ferroelectric material 
is believed to be caused mainly by the interaction of the polarization 
with the defect fields in the materials^^. 

From the dielectric and elastic data, the contributions to the 
strain response from the Maxwell stress and electrostriction may be 
estimated. Assuming that the composite is homogeneous, the strain 
due to Maxwell stress under a field of 13 Vpim is about -0.1%. 
For the electrostriction from the polymer matrix, assuming that all 
the applied field is totally loaded onto the polymer matrix because 
its dielectric constant is much lower than that of CuPc, the strain is 
also about —0.1%. The measured strain response, therefore, is 
about one order of magnitude higher than the combined strain 
from the two. 

In an early study on the field-induced strain in a polyurethane 
elastomer, it was observed that a nonuniform electric-field distri- 
bution can significandy enhance the strain response (more than five 
times in that case) if the strain is proportional to the square of the 
local field^'. The composites investigated here are highly hetero- 
geneous, so that a large variation in the local fields is likely, which 
will enhance the strain response. In addition, bond length and 
conformation changes in CuPc due to electron motions, as well as 
the CuPc molecular reorientation under external fields, may also 
contribute to the strain response". 

Figure 3c shows the frequency dependence of the weak-field 
dielectric constant of the composite. The strong frequency dis- 
persion is due to the space charge polarization (delocalized elec- 
trons) in CuPc, which will also result in frequency dependence of the 
strain response in the composite. For instance, the strain measured 
at 0.1 Hz is about 1.6 times higher than that measured at 1 Hz. 

We note that the approach of using the delocalized charge 
phenomenon in a composite in which insulation layers block the 
long-range space charge conduction to realize very high dielectric 
constant is analogous to that in the ceramic capacitor where 
semiconductor cores and insulation boundary-layers form the so- 
called internal boundary layer capacitor, resuking in a material with 
dielectric constants exceeding 50,000 (refs 14, 28). With further 
improvement in the composite fabrication process, including using 
nanoparticulates of CuPc and coating the CuPc particles completely 
with insulation layers, both the dielectric properties and the break- 
down field can be increased substantially. In view of the availability 
of a large number of organic solids with super-dielectric constant, 
the results presented here demonstrate the potential of this all- 
organic composite approach in generating high strain and high 
elastic energy density under low applied fields in polymer-like 
materials^'. Q 

Methods 
The copper-phthaloq'anine (CuPc) oligomer was synthesized by the solution method". 
Copper sulphate pentahydrate, pyromellitic dianhydride, urea, ammonium chloride, and 
ammonium molybdate were ground together and then placed in a three-necked flask 
containing nitrobenzene. The temperature of the flask was maintained at 185 °C for 12 h. 
The obtained solid material was boiled with hydrochloric acid, and then treated with 
potassium hydroxide. The final powder was dried at room temperature under vacuum. 
The typical particle size thus obtained, as measured by scanning electron microscopy, was 
below 1 ^m. 

The P( VDF-TrFE) 50/50 mol% copolymer (purchased from Solvay & Cie.) was used as 
the matrix, which can be easily converted to the electrostrictive material by high energy 
electron irradiation". Composite films were prepared using the solution cast method. 
P(VDF-TrFE) copolymer was dissolved in dimethylformamide (DMF) and then a proper 
amount of CuPc powder (determined by the wt% of CuPc in the composite) was added to 
the solution. The solution was ultrasonically stirred to disperse the CuPc powder. After 
that, the solution was poured onto a glass plate and dried at 7a°C. The typical film 
thickness was about 40 (im. The composites were irradiated at 100 °C with electrons of 
1.2 MeV energy to convert the copolymer matrix into an electrostrictive polymer with an 
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improved room-temperature dielectric constant. 
The dielectric properties of the composites under different appUed-field strength were 

characterized by directly measuring the magnitude and the phase of the current passing 
through the composite under a given a.c. voltage. From the complex electric impedance 
Z' = 1/0'uC*) and C* = (K" -jK')es,Alt, both the real and imaginary parts (K" and 

K') of the dielectric constant can be determined, where A is the area and t is the thickness 
of the capacitor, and u is the angular frequency. The elastic modulus was determined using 
a commercial dynamic mechanical analyser (TA Instruments, DMA2980). The electric- 
field-induccd strain along the applied-field direction (longitudinal strain) was measured 

using a piezobimorph-based sensor'". 

Received 18 April; accepted 25 July 2002; doi:10.1038/nature01021. 
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ABSTRACT: In this study, we investigated the influence of annealing conditions before 
irradiation on the ferroelectric and electromechanical properties of uniaxially stretched 
high-energy-electron-irradiated poly(vinylidene fluoride trifluoroethylene) (HEEIP) copol- 
ymer (68/32 mol %) films. For films annealed at one fixed temperature before the irradia- 
tion (one-step annealing), the highest crystallinity, which was highly desirable for enhanc- 
ing the electromechanical response, was obtained only for films annealed between 132 and 
136 °C. In addition, annealing over 10 h in this temperature window resulted in a large 
increase in the crystal lamellar thickness, which was required for reducing the polarization 
hysteresis to a minimum in the HEEEP samples. For improvements in the mechanical 
qualities of the uniaxially stretched films, a two-step annealing procedure was investi- 
gated; that is, before the irradiation, the films were first annealed at a lower temperature 
to release the mechanical stress in the films due to the stretching and then were annealed 
in the high-temperature window to raise the crystallinity and crystalline size. The exper- 
imental results indicated that this approach could produce imiaxiaUy stretched HEEIP 
films vyith much improved mechanical qualities. Furthermore, the uniaxially stretched 
HEEIP films with this two-step annealing exhibited the same electromechanical response 
as or an even higher one than that fi^m the one-step-annealed HEEIP films. © 2003 Wiley 
Periodicals, Inc. J Polym Sd Part B: Polym Phys 41: 797-806, 2003 
Kejrwords: ferroelectricity; poly(vinylidene fluoride trifluoroethylene); electron beam 
irradiation; differential scanning calorimetry (DSC); electromechanical response 

INTRODUCTION forms, are attractive for a broad range of applica- 
tions.^"® In the past several decades, a great deal 

Electroactive polymers (EAPs), which perform en-        of effort has been devoted to this class of materi- 
ergy conversion between electric and mechanical        als, and this has resulted in marked improve- 

ments in the electromechanical properties of 
 : „ „.   ,„ ., ^  „^ 7":  EAPs.^'^'®"^^ For instance, the ferroelectric prop- 

Correspondence to; F. Xia (E-mail: ficx2@psu.edu) .. .      1  ,  .     Tj xs       -J     J. -n i.1-  1 
„ „,     ^     ,,,,, ,o, „„ ,„„„„ erties of poly(vmyhdene fluoride tnfluoroethyl- 

Joumal ofPoljmer Science: Part B; Polymer Physics, Vol. 41,797-806(2003) v   m/TT^-n m-Tn^M i i. j-c   j 
o 2003 Wiley Periodicals, Inc. Bue) [P(VDF-TrFE)] copolymers can be modified 
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over a broad range with high-energy irradia- 
tion. ^^'^^ Moreover, in high-energy-electron-irra- 
diated P(VDF-TrFE) (HEEIP) copolymers, an 
electrostrictive strain of 5% with an elastic energy 
density near 1 J/cm^ has been obtained, repre- 
senting a significant improvement in comparison 
with the electromechanical responses of the piezo- 
electric P(VDF-TrFE) copolymer.^-^*'^^ 

In the development of this new EAP material, 
it has been found that the ferroelectric and elec- 
tromechanical properties of the copolymers after 
irradiation are sensitive to processing conditions 
such as the irradiation dose, the electron energy, 
the temperature at which the irradiation is per- 
formed, and the sample annealing conditions be- 
fore the irradiation.^^^® For instance, for im- 
provements in the crystalUnity, P(VDF-TrFE) co- 
polymers are normally annealed at a temperature 
between the Gurie transition and the melting 
transition.^^'^" For HEEIPs, for a high electrome- 
chanical response to be achieved, the copoljrmer 
can only be annealed over a very narrow temper- 
ature window with an annealing time greater 
than 10 h. In addition, for xmiaxially stretched 
copolymer films, the films aft«r aimealing become 
very brittle along the stretching direction, and 
even after the irradiation, which causes crossUnk- 
ing in the polymer, the films are still very prone to 
mechanical stress, which causes cracking. 

To provide an understanding of these phenom- 
ena, we investigated, using differential scanning 
calorimetry (DSC) combined with polarization 
loop measurements, the infiuence of the anneal- 
ing conditions on the transitional behaviors and 
crystal morphology of a copolymer with a 68/32 
mol % composition. Furthermore, we investigated 
other annealing conditions to improve the me- 
chanical qualities of the uniaxially stretched 
HEEIP films while maintaining the high electro- 
mechanical responses. 

EXPERIMENTAL 

The P(VDF-TrFE) (68/32 mol %) copolymer was 
chosen for this investigation because of its high 
electromechanical responses among all the HEEIPs 
investigated.®'^^ The copolymer was purchased 
from Solvay and Cie of Belgium. The polymer 
films were fabricated with the solution-cast 
method with dimethylformamide as the solvent. 
The films were ixniaxially stretched to about 4.5 
times at a stretching rate of 2 cm/min. To study 
the effect of the annealing temperature, we an- 

nealed the films at a fixed temperature for 1 h 
(the thermal cycle of the aimealing: the films were 
heated firom room temperature to a selected an- 
nealing temperature in 0.4 h, were left at the 
annealing temperatiu-e for 1 h, and were cooled to 
room temperature in 0.4 h). The films were char- 
acterized by DSC and a polarization loop study. 
The effect of the annealing time was studied at 
several temperatures, and for the copolymer in- 
vestigated here, the films annealed at 134 °C 
yielded the best electromechanical response; 
therefore, the results obtained at that tempera- 
ture are reported. A fresh film was used for each 
annealing temperature and annealing time study. 

The irradiation of the copolymer films was car- 
ried out at 100 "C with an electron energy of 1.2 
MeV and a 70-Mrad dose in a nitrogen atmo- 
sphere. For the irradiated copoljmier, it was pre- 
viously observed that the electromechanical, fer- 
roelectric, and dielectric responses, as well as the 
polymer morphology, depend sensitively on the 
irradiation dose, the electron energy, and the 
temperature at which the irradiation is carried 
out.^° In addition, the sample processing condi- 
tions before the irradiation also affected these 
responses, as discussed later in this article. For 
consistency and for comparison, the sample irra- 
diation conditions were kept exactly the same. 

To improve the mechanical quality of the 
HEEIP films, we investigated a two-step anneal- 
ing process, in which the polymer films were first 
annealed at a low temperature (115-125 'C) for a 
certain time period to release the stress stored in 
the films due to the stretching and then were 
axmealed at a temperature near 134 "C to further 
improve the crystallinity. The films annealed at 
120 "C for 1-2 h and then at 134 'C for 2 h 
exhibited a much better mechanical quality. 
Moreover, the films (called the two-step-annealed 
films) after irradiation maintained the same elec- 
tromechanical properties as or even better ones 
than the those from one-step annealing. 

The DSC study was carried out at a heating/ 
cooling rate of 10 "C/min with a TA Instrument 
model 2920 differential scanning calorimeter. The 
polarization loop was measured at 1 Hz with a 
Sawyer-Tower circuit. The strain along the 
stretching direction (transverse strain, or S^) was 
measured at 1 Hz with a cantilever-based 
dilatometer.^^ The longitudinal strain (thickness 
strain, or S3) was measured with a bimorph- 
based dilatometer.^^ Films 20 /nm thick were used 
for the electric characterization, and Au films 
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Figure 1. DSC thermograms of uniaxially stretched 
P(VDF-TrFE) (68/32 mol %) copolymer films annealed 
at different temperatures for 1 h. 

30-50 nm thick were sputtered on the polymer 
films to serve as the electrodes. 

the one near 100 "C is the Curie transition tem- 
perature (Tg) between the low-temperature ferro- 
electric phase and high-temperature paraelectric 
phase, and the other near 150 °C is the melting 
temperature (T^). 

In Figure 2(a), we summarize T„ and the melt- 
ing enthalpy (Aif„, or the heat of fusion) of the 
films as fimctions of the annealing temperature. 
For all of the films annealed below the T^ region 
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RESULTS OF ONE-STEP-ANNEALED FILMS 

Effects of the Annealing Temperature 

Presented in Figure 1 are selected DSC thermo- 
grams measured during heating for stretched 
films annealed at different temperatures for 1 h 
(nonirradiated). Two transitions can be observed: 

(b) 

Figure 2. (a) (O) T^ and (•) Aff^ as fimctions of the 
annealing temperature and (b) (O) T^ and (•) AH^ as 
functions of the annealing temperature. The solid and 
dashed curves have been drawn as guides. The films 
were not irradiated. 
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(~105 °C), there is no large change in the crystal- 
Unity, as revealed by Aff^, which does not change 
much with the annealing temperature.^ In this 
temperature region, only local motions of molec- 
ular chains are allowed. Therefore, only gauche 
conformational defects present in the molecular 
chains of the ferroelectric phase or domain bound- 
aries can be removed,^^ resulting in an increase in 
Te and the transition enthalpy as well as a change 
in the peak shape of the Curie transition. 

When the films are annealed in the hexagonal 
paraelectric phase [above the Curie transition re- 
gion (>110 "O and below melting], the molecular 
chains become relatively mobile along the chain 
axis, and this improves the chain arrangement 
and removes various crystal defects (e.g., chain 
entanglements, stacking faults, dislocations, kink 
bands, and chain folding) from the hexagonal 
crystals through the sliding diffusion motion of 
the molecules. Consequently, the free energy of 
the hexagonal crystals is lowered, and the molec- 
ular chain packing in the crystals becomes more 
stable. Meanwhile, the crystallites in the mobile 
hexagonal phase grow, and this results in a prom- 
inent increase of T^ and AH„ (related to the 
crystal lamellar thickness and the crystallinity). 

In addition. Figure 2(a) reveals that the an- 
nealing temperature above the Curie transition 
region can further be divided into two regions, a 
lower temperature region (region I) from 120 to 
132 °C, and a higher temperature region (region 
II) from 132 to 136 "C. In region I, both T^ (re- 
lated to the crystal lamellar thickness) and AH„ 
(~crystallinity) increase with the annealing tem- 
perature. Tni increases by about 0.8 "C (from 
153.5 to 154.3 °C), and this indicates an increase 
in the crystallite size along the molecular chain 
direction. Concomitantly, AH^ increases more 
markedly by about 2.8 J/g (from 27.7 to 30.5 J/g, 
ca. 10% increase), and this indicates that the crys- 
tallinity increases more efficiently with the an- 
nealing temperature rising in this region. 

In contrast, in region II, neither T„ nor AH^ 
shows changes with the annealing temperature, 
and this can be imderstood by the deorientation of 
the polymer chains and premelting/recrystalliza- 
tion occxming in this temperature region. Be- 
cause of the polydispersion of polymers, the melt- 
ing range of pol3mier crystals is relatively broad. 
When the annealing temperature approaches the 
melting region, the smaller crystallites, which 
contain a high degree of defects, will experience 
deorientation and premelting, which will become 
stronger as the annealing temperatiu-e becomes 

closer to T^ and will reduce the crystallinity. This 
process counterbalances the increased growth 
rate of crystallites at higher annealing tempera- 
tures. 

Figure 2(b) shows T^ and the Curie enthalpy 
(AHe) for fihns annealed from 120 to 134 "C. There 
is an increase in MI^ by about 2.8 J/g (a nearly 
15% increase), which is probably a direct result of 
the increased crystallinity with the increased an- 
nealing temperature. As seen in Figure 1, the 
DSC peak for the Ciuie transition is very broad 
(spreading over a temperatiu*e range of 70-115 
'O for the uniaxially stretched films, suggesting 
that there is a rather wide distribution of the 
Gibbs free energy of the orthorhombic ferroelec- 
tric phase because of various defects included in 
the crystalline regions.^^'^^ When the film is an- 
nealed in the hexagonal paraelectric phase, the 
free energies of the hexagonal paraelectric phase 
will be reduced because of the crystal growth and 
the formation of more stable molecular chain 
packing. In parallel, the free energy of the orthor- 
hombic ferroelectric phase will also be reduced 
because of the reduced number of conformational 
defects (gauche) in the crystals. Therefore, the 
observed T^ values for these £innealed films will 
depend on the relative changes of the free ener- 
gies of the two crystalUne phases in the annealing 
process, which may result in an increase, de- 
crease, or no change in T^- 

The polarization hysteresis loops measured on 
the as-cast films and annealed at 134 °C are pre- 
sented in Figure 3. As can be seen in Figure 3(a), 
the polarization level for the as-cast films is quite 
low (dashed curve). However, there is no large 
change in the polarization loops for films an- 
nealed from 120 to 136 "C. The coercive field (£„) 
remains nearly constant, whereas the remanent 
polarization (P^) increases with the annealing 
temperature and reaches the highest value for 
fihns annealed at 132 and 134 "C, at which tem- 
peratures Pr is more than 20% higher than for 
films annealed at 120 "C [Fig. 3(b)]. This increase 
in P, is related to the increased crystallinity and 
improved ferroelectric ordering in the films. The 
observed drop in E^ and Pj. for films annealed at 
136 "C might be caused by the chain deorienta- 
tion and premelting effects, as previously dis- 
cussed. 

For the irradiated copolymers, the ferroelectric 
and electromechanical responses are mainly from 
the crystalline region. The results presented indi- 
cate that for a high crystallinity to be reached, the 
annealing should be carried out above 132 °C. 
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Figure 3. (a) Comparison of the polarization hyster- 
esis loops of (-) the as-cast films and (—) the stretched 
fihns annealed at 134 °C for 1 h and (b) (•) P, and (O) 
E^ as functions of the annealing temperature. The films 
were not irradiated. 

However, for the deorientation of the polymer 
chains and premelting to be avoided, it seems 
that the annealing temperature should also be 
below 136 "C. 

Effects of the Annealing Time 

The effect of the annealing time was studied for 
films annealed between 132 and 136 "C, and the 
DSC results obtained at 134 "C annealing are 
presented in Figure 4 (the results at 132 and 136 
"C are similar). One interesting feature revealed 

by the data is that in contrast to the results in the 
previous section, the films exhibit a large increase 
in T^ with the annealing time, whereas there is 
very little change in AH„. T^ is increased by 3 °C 
fi-om a 1-h annealing time to a 10-h annealing 

134''C/1h 

£ o 
XI c 
a> 

134 "C/Sh 

134°C/10h 

80    100   120   140   160 
Temperature (°C) 

(a) 

2 4 6 6 10 
Annealing Time (h) 

(b) 

Figure 4. DSC data for uniaxially stretched films 
annealed at 134 °C with different annealing times: (a) 
DSC thermograms and (b) summary of (O) T^ and (•) 
A/?^ as functions of the annealing time. The films were 
not irradiated. The solid curves have been drawn as 
guides. 
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Figure 5. Comparison of the polarization hysteresis 
loops for the irradiated HEEIP films, which were un- 
iaxially stretched and annealed at 134 "C for different 
times before the irradiation. 

time, whereas the corresponding increase in AH„ 
is relatively small [-0.7 J/g; see Fig. 4(b)]. The 
results show that in this temperature region, the 
thickness of lamellae crystals is increased more 
efficiently by prolonged annealing times than 
temperature without much of a change in the 
degree of crystallinity. For the Curie transition, 
there is very little change in A/fg, the transition 
enthalpy, with the annealing time, which is di- 
rectly related to the very small change in the 
crystallinity. However, there is a decrease in T^ 
with the annealing time (ca. 1.4 "C). 

For the films studied here, although there is 
not much change in the polarization hysteresis 
loops measured from nonirradiated films, a large 
reduction of the polarization hysteresis with an 
increased annealing time is observed for films 
after the irradiation treatment. Figure 5 presents 
the polarization hysteresis loops for irradiated 
films annealed before the irradiation at 134 °C 
with different annealing times. The data show 
that the polarization hysteresis (both E^ and P,) 
decreases with an increased annealing time. For 
an electrostrictive polymer, it is required that the 
polarization hysteresis should be as small as pos- 
sible."'^^'^^ For one-step-annealed (at 134 "C for 
10 h) 68/32 HEEIP films, the lowest polarization 
hysteresis achieved is P, = 1 /u,C/cm^ and E^ = 10 
MV/m. Although in general the polarization hys- 
teresis is reduced with an increased irradiation 
dose, for films annealed for 1 h, it is difficult to 
reduce the polarization hysteresis by a further 
increase in the irradiation dose beyond 70 Mrad. 

In the irradiated P(VDF-TrFE) copolymers, 
there exists a competition between the defects 

introduced in the irradiation process to destabi- 
lize the ferroelectric ordering and the original 
lattice in forming a ferroelectric phase. For the 
copolymers containing more than 30 mol % trif- 
luoroethylene, high-energy electron irradiation 
can be used to convert the copoljraier from a nor- 
mal ferroelectric phase to a relaxor ferroelectric 
phase (analogues to the polar-glass systems), in 
which the random defect fields dominate, pre- 
venting the formation of the long-range ferroelec- 
tric ordering.^ Therefore, the effectiveness of the 
random fields for destroying the ferroelectric 
phase depends on the types of defects and defect 
concentration. Although the defect concentration 
will increase with the irradiation dose,^*'^® the 
types of defects introduced will depend on both 
the irradiation conditions, such as the electron 
energy and the temperature at which the irradi- 
ation is performed, and the processing conditions 
before the irradiation. The experimental results 
here indicate that the crystal lamellar thickness 
(the annealed films with longer annealing times 
show a higher T^ and, therefore, larger crystal 
lamellar thickness) is an important parameter in 
influencing the tj^ie of defects introduced in the 
irradiation, which could be the conformational 
changes from the all-trans bonds to the trans- 
gauche (TGTG') and T3GT3G' introduced in the 
irradiation process and stabilized in crystallites 
with large lamellar thickness. These defects may 
become less stable in crystallites with small la- 
mellar thickness. In addition, even some defects 
of a chemical type such as crosslinking can also be 
affected by the crystal lamellar thickness. Thick 
crystal lamellae may reduce the probability of the 
formation of crosslinking in the irradiation. 

Discussion 

In this section, the Gibbs-Thomson equation and 
Hof6nan-Weeks equation are used to estimate 
the change in the lamellar thickness of crystal- 
lites (Zc) in the annealing process.'^'"^^ 

The Gibbs-Thomson equation is based on the 
thermodynamic argument that T^ of a crystallite 
with a finite size is depressed below 7^, the equi- 
librium melting temperature of an infinitely 
thickness crystal. For polymer lamellar crystals, 
in most cases l^ is much smaller than the lateral 
dimensions.^^ Therefore, the depression of T^ is 
proportional to the ratio of the fi-ee energy (sr^ of 
the folding surface to the equilibrium enthalpy of 
fusion (AH?) of the crystal:"'^"'^^ 
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T^ = rjX-2cTjbJnic) (1) 

The Hof&nan-Weeks equation is a result of a 
combination of Lauritzen-Hoffinan secondary nu- 
cleation theory and the Gibbs-Thomson equa- 
tion.^^*^^'^^ According to Lauritzen-Hof&nan sec- 
ondary nucleation theory, which relates the ini- 
tial lamellar thickness H*) to the undercooling 
(AT = 1%^- T^, where T^ is the isothermal crys- 
tallization temperature) 

I* = {2CTJAG(^ + a, = (2(r„7^AH?Ar) + M, 

(2) 

In the equation, tXex and AG^ are the basal 
pleme crystal/melt interface free energy and the 
bulk free energy of fusion at T^, respectively, and 
S^e is the thickness increment above the critical 
Isunellar thickness. If the difference between the 
crystallization and observed T^ is solely due to 
the thickening of the lamellae formed at T^, the 
Gibbs-Thomson equation yields the observed r„: 

r„ = n(l-2crex/Afl?xpxZ,*) (3) 

where the thickening ratio j3 is equal to IJl^* ^ 1. 
If ^ equals 1 and 81^ equals zero (nonthickening), 
the basal interfacial free energy given in eq 1 (CT^) 
should be equivalent to that in eq 3 (o-ej^), and the 
crystals growing at T^ will melt simultaneously 
(i.e., r„ = TJ; therefore, eq 3 becomes 

T, = n(l - 2o-JAfl? X I*) (4) 

Combining eqs 3 and 4 yields the HofBman- 
Weeks equation: 

r„ = rjl - 1/2/3) + (TJ2P) (5) 

With the Hof&nan-Weeks equation, 7^ can be 
determined from the plot of a series of T^ as a 
function of T^. The linear extrapolation of the 
observed r„ versus T, to the straight line of T^ 
= T^ yields 7^ and /3. 

A uniaxially stretched copolymer P(VDF- 
TrFE) (68/32 mol %) sample was heated in a DSC 
cell and kept at 200 "C for 5 min before cooling 
down (at a 35-40 °C/min cooling rate) to a se- 
lected Tx- The sample was kept at that tempera- 
ture for 1 h and then cooled down to room tem- 
perature in the DSC cell. Afterward, the sample 
was heated up for the measurement of r„. Figure 
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"-"'^'       / 
°-; 150 /^=T 
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Figure   6.   Hof&nan-Weeks   extrapolation   iT^^T^ 
plot). 

6 shows the T-a^T^ plot so obtained, which yields 
7^ = 160.7 °C and /3 = 2.26. 

To estimate the change of the lamellar thick- 
ness with the annealing time, eq 1 is rearranged 
to 

/,(1)/Ze(2) = [1 - r„(2)/TS,]/[l - T„(l)/n] 
(6) 

where T^d) and r„(2) are the melting tempera- 
tures corresponding to crystal lamellae with 
thicknesses ^^(1) and l^%, respectively. From Fig- 
ure 2, for films annealed at 134 'C, T^ for 1-h 
annealed fihns is 154.19 "C \TJX) = 427.37 K], 
and for films annealed for 10 h, it is 156.91 \TJ!l) 
= 430.06 K|. Substituting these values into eq 6 
yields the ratio of Ze(l)/^c(2) = 0.59. If for a well- 
annealed P(VDF-TrFE) copolymer fihn lji2) is 
equal to 15 nm (annealed for 10 h), the lamellar 
thickness for films annealed for 1 h is Ijil) = 8.85 
nm, which shows a quite large change in the 
crystal lamelliir thickness with the annealing 

33 time. 

RESULTS OF TWO-STEP-ANN BALED FILMS 

As previously pointed out, although the uniaxi- 
ally stretched HEEIP films prepared with one- 
step annealing exhibit a high electromechanical 
response (a 4% transverse strain and an almost 1 
J/cm^ elastic energy density),®'^® the mechanical 
quality of the films is not high, and cracks are 
easily formed when the films are subjected to 
external stresses. In addition, because of the large 
shrinkage and increase in the crystallinity of the 
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Figure 7. (a) Polarization hysteresis loop, (b) trans- 
verse strain, and (c) longitudinal strain of the uniaxi- 
ally stretched HEEIP films with two-step annealing 
(120 "C for 2 h and 134 °C for 2 h) before the irradia- 
tion. For comparison, the transverse strain of the one- 
step-annealed samples is also shown in part b as a 
dashed line. The data points are shown and the solid 
curves have been drawn as guides. 

films occurring simultaneously with annealing at 
134 °C, this one-step aimealing process is not 
suitable for large-scale film production. To im- 
prove the mechanical quality and also to establish 
an annealing procedure that can be used for 
large-quantity film production, we have investi- 
gated a two-step annealing process. 

The semicrystalline polymers consist of a con- 
tinuous amorphous phase dispersed with crystal- 
line regions. During uniaxial stretching, the poly- 
mer chains in the amorphous part will be reori- 
ented, the molecular axes being aligned parallel 
to the stretching direction. The crystalline re- 
gions will also reorient in the direction of stretch- 
ing. When the highly oriented films are annealed, 
the molecular chains in the amorphous part will 
try to return to their original high entropy state 
(random coils), and the shrinkage will occur as 
soon as the molecules can move sufficiently to 
recoil to their imdisturbed state. However, in the 
semicrystalline polymers, the coiling of the amor- 
phous molecular chains is hindered by the crys- 
talline regions, which tend to maintain their ori- 
entation as that at room temperatxu-e. Therefore, 
an internal stress will exist in the polymer and 
increase with an increased annealing tempera- 
ture. This internal stress may be partially re- 
leased by the amorphous polymer chain relax- 
ation in the annealing. In addition, the amor- 
phous part will also be crystallized at elevated 
aimealing temperatures. 

134°C/10h 

a> 
£ o 
■D 120°C/2h, 134°C/2h 

r 
r 

80    100   120    140   160 

Temperature (°C) 

Figure 8. Comparison of the DSC thermograms of 
the imiaxially stretched 68/32 mol % films with one- 
step annealing (134 "C for 10 h) and two-step annealing 
(120 °C for 2 h and 134 °C for 2 h). 
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To optimize the continuously annealing pro- 
cessing for the films, we have investigated a two- 
step annealing process. In the first step, the film 
is annealed at 120 °C for more than 0.5 h. After 
the first step of Euinealing, the amorphous molec- 
ular chains acquire enough energy to relax, and 
this results in a shrinking of the films along the 
stretching direction by 10-15%, which helps to 
reduce substantially the internal stress and to 
stabilize the fihn dimensions. Meanwhile, there is 
not much of an increase in the crystallinity and 
crystal lamellar size at this annealing tempera- 
ture. Therefore, the films after the first step of 
annealing are still quite flexible and can be easily 
handled. In the second higher temperature an- 
nealing, during which the crystallinity and crys- 
tallite dimensions increase markedly, the stress 
level in the films is much lower. Indeed, for films 
with the second-step-annealing temperature at 
134 °C and an annealing time of 2 h, the film 
mechanical quality is improved quite significantly 
in comparison with those with one-step annealing 
for 10 h, and there is not much shrinkage at the 
second annealing temperature. More interest- 
ingly, the polarization loops after irradiation on 
these films show a very small hysteresis [Fig. 
7(a); E^ = 10 MV/m and P^ = 0.7 fiC/cm\ and the 
films exhibit high transverse and longitudinal 
strain levels [Fig. 7(b,c)]. In fact, the two-step- 
annealed HEEIP films (2 h at 120 "C followed by 
2 h at 134 "O exhibit a higher transverse strain 
(4.4% under 85 MV/m) than those with one-step 
annealing (3.7% strain under 100 MV/m). 
whereas the elastic moduU of the two films are the 
same [see Fig. 7(b)]. 

Figure 8 shows the DSC thermograms for the 
copolymer films (nonirradiated) with one-step an- 
nealing (134 "C for 10 h) and two-step annealing 
(120 'C for 2 h and 134 "C for 2 h). The crystal- 
Unity (values of AHn,) obtained from the two sam- 
ples are about the same, whereas T^ from the 
one-step-annealed film is 1.3 "C higher than that 
of the two-step-annealed film because of the 
shortened annealing time at 134 °C for the two- 
step annealing. The fact that the two-step-an- 
nealed HEEIP films under these annealing con- 
ditions exhibit even smaller polarization hystere- 
sis £uid higher electromechanical response 
suggests that the changes in the crystal morphol- 
ogy in the two-step annealing process can com- 
pensate for the effect of the reduced crystal lamel- 
lar thickness. 

CONCLUSIONS 

The influence of the annealing conditions before 
the irradiation on the electromechanical proper- 
ties of vmiaxially stretched HEEIP films (68/32 
mol % composition) has been investigated. For 
one-step-£umealed films, the crystallinity reaches 
the highest value for films annealed in the tem- 
perature range between 132 and 136 °C. Within 
this temperature window, increasing the anneal- 
ing time results in an increase in the crystal la- 
mellar thickness, which seems to be required to 
reduce the polarization hysteresis and to achieve 
a high electrostrictive strain. With the Gibbs- 
Thomson equation and Hoffman-Weeks extrapo- 
lation, it has been found that when the annealing 
time is increased from 1 to 10 h, the crystal la- 
mellar thickness is increased by 70% (from about 
8.8 to 15 nm), whereas there is very Uttle change 
in the crystallinity. For the two-step-annealed 
films, lower temperature annealing is used to re- 
lease the stress without causing much of an in- 
crease in the crystallinity in the films, and higher 
temperature annealing is used to raise the crys- 
tallinity and crystallite size. In this manner, the 
film mechanical quahty can be improved with 
respect to that of the one-step-annealed films. 
Fiuthermore, the two-step-aimealed uniaxially 
stretched HEEIP films with the first annealing at 
120 °C for 2 h and with the second annealing at 
134 "C for 2 h exhibit better electromechanical 
responses than the one-step-annealed HEEIP 
films. 
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ABSTRACT 

This paper reports two classes of electroactive polymers developed recently which exhibit very high strain and elastic 
energy density. In the first class of the electroactive polymer, i.e., the defects modified poly(vinyhdene fluoride- 
trifluoroethylene) (P(VDF-TrFE)) polymers, an electrostrictive strain of more than 7% and an elastic energy density 
above 1 J/cm^ can be induced tmder a field of 150 MV/m. The large electrostrictive strain in this class of polymers 
originates fi-om the local molecular conformation change between the trans-gauche bonds and all trans bonds, which 
accompanies the field induced transformation fi:om the non-polar phase to the polar phase. The second class of the 
polymer is an all organic composite, which shows a very high dielectric constant (>400) and high strain induced with a 
low applied field (2% strain under 13 MV/m). The strain is proportional to the applied field and the composite has an 
elastic modulus near 1 GPa. 
Keywords: Electroactive polymer, Electrostriction, Actuators, Composites, Dielectric constant. 

1. INTRODUCTION 

Polymer based materials have attracted a great deal of attention and have foimd many applications for electromechanical 
devices to perform energy conversion between the electric and mechanical forms such as artificial muscles, smart skins 
for drag reduction, actuators for active noise and vibration controls, and micro-fluidic systems for drug delivery and 
micro-reactors[l-4]. Polymers are renowned for their excellent mechanical properties including light weight, flexible, 
and easy processing, and that polymers can be conformed to complicated shapes. On the other hand, compared with 
inorganic materials, the electromechanical responses of polymer based materials are quite low. Especially, one of the 
unique features of the polymers, that is, most polymers can withstand very high strain (>10%) without fatigue, which is 
not possible in inorganic materials, has not been utilized to develop electroactive polymers with ultra-high electroactive 
strain responses. Recently, research works fi-om several groups have demonstrated that in several electroactive 
polymers, strain level far above those fi-om the traditional piezoelectric materials can be achieved[5-8]. Some of these 
polymers can even display the elastic energy density, a quantity measuring both the strain and stress generation 
capability of an actuator material, higher than that of piezoelectric ceraraics[5,6,8]. This paper will present some of these 
recent works, including the electrostrictive P(VDF-TrFE) based polymers and all organic composites. In addition, issues 
related to the development of high performance electroactive polymers will also be discussed. 

2. ELECTROMECHANICAL PROPERTIES OF DEFECTS MODIFIED P(VDF-TrFE) BASED 
POLYMERS 

Among the all known polymers, piezoelectric P(VDF-TrFE) copolymer is the one that is most widely used and 
possesses the best performance for electromechanical applications[3]. Its piezoelectric properties are summarized in 
Table I. As can be seen, the electromechanical responses of the P(VDF-TrFE) copolymer is still much lower than those 
of piezoelectric ceramics. Furthermore, the maximum piezoelectric strain of the piezo-copolymers is on the order of 
0.1%, which is also quite low for most actuator device applications. 

Smart Structures and Materials 2003: Electroactive Polymer Actuators and Devices (EAPAD), ^^^ 
Yosepli Bar-Cohen, Editor, Proceedings of SPIE Vol. 5051 (2003) © 2003 SPIE • 0277-786X/03/$15.00 



Table I. Piezoelectric properties of P(VDF-TrFE) copolymer and its comparison with piezoceramics 

Piezo-P(VDF-TrFE) 
Piezoceramic (PZT) 

I33 (pmA^) Y (GPa) k33 
-33 3.3 0.27 
590 48 0.7 

K 
8 

3400 

T 
T 

V 

.Sy--^-^, 

I 
G 
T 
G 

* d33 is the piezoelectric coefficient, Y is the Young's modulus, k33 is the longitudinal coupling factor, and K is the dielectric constant. 

However, in P(VDF-TrFE) copolymers, 
there are several avenues to raise the 
electromechanical responses substantially. 
For example, experimental evidence has 
shown that there are large strains (~10%) 
accompanying the phase transformation 
process between the ferroelectric and 
paraelectric (F-P) phases[9]. The origin of 
such a large strain in the F-P transition is 
due to the molecular conformation change 
as shown in figure 1. In the ferroelectric 
phase, the molecules take the all trans 
conformations, while in the paraelectric 
phase, the molecular conformation takes 
the form of a mixture of trans-gauche 
(TGTG') and T3GT3G' conformations. As 
can be seen from the figure, a large 
dimensional change occurs when the 
molecular conformation changes from the 
all trans to TGTG' and T3GT3G' 
conformations. In addition, at temperature 

T 

.& 

©" 

P a 
Figure 1. Schematic of the extended chain segments of an all-trans, TGTG' 
(or TGTG ), and TTTGTTTG' (or TTTGTTTG ) conformations (the filler 
circles are carbony 

regions just above a first order F-P transition, a polar-phase can be electrically induced. It has been shown that in this 
field induced phase, a very large electro-mechanical coupling factor can be achieved (theoretically ~ 100%)[10]. 

All these observations indicate that by operating the P(VDF-TrFE) copolymers at near F-P transition region, very high 
electromechanical response can be realized. To overcome the problems which are common to all the first order phase 
transformation process in polymers, i.e., large hysteresis, narrow transition temperature region, and that the temperature 
range of the transition is far above room temperature, all of which are not desirable for practical applications, P(VDF- 
TrFE) based polymers are modified. In this study, P(VDF-TrFE) based polymers are modified via two approaches: the 
high energy electron irradiation and copolymerizing the P(VDF-TrFE) with a small amount of third chlorinated 
monomer to form a terpolymer. Several effects occur when the defects are introduced into the ferroelectric crystalline 
region of the polymer.  First of all, the defect structures weaken the inter- and intra-chain dipolar coupling and hence, 
lower the F-P transition to near room temperature. In addition, these defect structures also introduce inhomogeneity in 
the ferroelectric phase which broadens the transition region. Furthermore, they reduce and in some cases eliminate the 
energy barrier in the transformation between different molecular conformations which in turn reduce or eliminate the 
hysteresis associated with the transformation. As a result, the normal ferroelectric P(VDF-TrFE) copolymer is 
transformed into a relaxor ferroelectric polymer with a high electrostriction and improved the electromechanical 
coupling factor[5,8,11]. 
As an example, figure 2 compares the dielectric responses between the normal ferroelectric P(VDF-TrFE) copolymer, a 
high energy electron irradiated copolymer, and a terpolymer.  It is evident that the dielectric peak, which is associated 
with F-P transition in the normal ferroelectric P(VDF-TrFE) copolymer, is broadened markedly and moved to near room 
temperature for the irradiated copolymer and the terpolymer. In addition, in the defect structure modified polymers (the 
terpolymer and irradiated copolymer) the broad dielectric peak position shifts with the frequency fas illustrated in figure 

-U 
2, which can be described quite well by the Vogel-Folcher (V-F) law (figure 2(d)), f = fo exp[-  ], where U 

is a constant and k is the Boltzmann constant, Tf can be regarded as the freezing temperature, corresponding to the peak 
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temperature of the static dielectric constant (~ 0 Hz frequency), and the pre-factor fb is the upper frequency limit of the 
system, corresponding to the dipolar response when there is no coupling between the dipolar units in the system. Such a 
behavior is a typical feature to all the known relaxor ferroelectric materials[12]. 
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2.1 Electromechanical properties of the high energy electron irradiated copolymers (HEEIP) 
Presented in figure 3(a) is the field 
induced strain along the film 
thickness direction (longitudinal 
strain S3) for the HEEIP where - 
5% strain is induced under a field 
of 150 MV/m. The plot of strain 
versus the square of the 
polarization yields a straight line, 
indicating that the response is 
electrostrictive in nature 
(S3=Q33P3^ figure 3 (b)). For the 
irradiated copolymer, Q33 is found 
in the range between -4 to -15 
m^/C, depending on the sample 
processing conditions[8]. 
Of special interest is die fmding 
that in P(VDF-TrFE) copolymer, 
large anisotropy in the strain 
responses exists along and 
perpendicular to the chain 
direction, as can be deduced fi-om 
the change in the lattice 
parameters between the polar and 
non-polar phases (see figure 1)[3]. 
Therefore, the transverse strain 
(the strain in perpendicular to the 
applied field direction) can be 
tuned over a large range by 
varying the film processing 
conditions. For unstretched fihns, 
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Temperature (°C) 

300 310      320      330 

Temperature (K) 
340 

Figure 2. Comparison of the dielectric constant of (a) the P(VDF-TrFE) 65/35 
copolymer (at 1 kHz), (b) the irradiated P(VDF-TrFE) 68/32 mol%, and (c) the 
teipolymer of P(VDF-TrFE-CFE) 62/38/4 mol%. The terpolymer and irradiated 
copolymer data are measured at frequencies of 100 Hz, 1 kHz, 10 kHz, 100 kHz, and 
1 MHz (curves from top to bottom) and the data show that the dielectric peak 
temperature shifts with frequency, (d) The fitting of the dielectric data (dots) to the 
V-F law fsolid curve"). 
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Figure 3. (a) The longitudinal strain as a function of the applied field measured at room temperature for irradiated P(VDF- 
TrFE) 68/32 moI% copolymer, (b) The longitudinal strain versus the square of the polarization where the data points are shown 
and the solid line is the fitting of strain versus the square of the polarization, (c) The transverse strain for the irradiated P(VDF- 
TrFE) 68/32 mol% stretched copolymer film. The strain is measured along the film drawing direction. 
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the transverse strain is relatively small (~1% level under lOOMV/m field) while the amplitude ratio between the 
transverse strain and 
longitudinal strain is less than 
0.33[13]. This feature is 
attractive for devices utilizing 
the longitudinal strain such as 
ultrasonic transducers in the 
thickness mode, and actuators 
and sensors making use of the 
longitudinal electromechanical 
responses of the material. On 
the other hand, for stretched 
fihns, a large transverse strain 
(Si) along the stretching 
direction can be achieved as 
shown in figure 3(c), where the 
transverse strain of more than 
4% can be achieved. 
For electrostrictive materials, 
the electromechanical coupling 
factor (ki^ has been derived by 

Horn et al. based on the consideration of electrical and mechanical energies generated in the material imder external 
field[I4]: 

kS} 
(1) 

30 60     90    120 
E(MV/m) 

150 40      60 
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100 

Figure 4. (a) The longitudin&l k33 at different temperatures and (b) room temperature 
transverse k31 electromechanical coupling factors for irradiated 68/32 copolymer films. 
Data points are shown and solid curves are drawn to guide eyes. 

k^ =- 
r 

P,]n 
Ps ~PE j 

+ Ps^ 1- 

*. 

2\ 

^S J 

where /=1 or 3 correspond to the transverse or longitudinal direction (for example, k^ is the transverse coupUng factor) 
and Sa is the elastic compliance under constant polarization, 5/ and PE are the strain and polarization responses, 
respectively, for the material under an electric field E. The coupling factor depends on E, the electric field level. In eq. 
(1), it is assumed that the polarization-field (P-E) relationship follows approximately: 

|/'^| = P,tanh(A:|£:|), (2) 

where Ps is the saturation polarization and i is a constant. 
The   electromechanical   coupling   factors   for   the   irradiated 
copolymers are shown in figure 4. Near room temperature and 
under an electric field of 80 MV/m, k^ can reach more than 0.3, 
which is comparable to that obtamed in a smgle crystal P(VDF- 
TrFE) copolymer. More interestingly, k^i of 0.65 can be obtained 
in a stretched copolymer, which is much higher that values 
measured in unirradiated P(VDF-TrFE) copolymers and, to our 2 
knowledge, is the height among all the known ferroelectric, to" 
piezoelectric, and electrostrictive polymers. These results are also 
verified by recent resonance studies in these polymers. 
For   a   polymer,   there   is   always   a   concern   about   the 
electromechanical response under high mechanical load; that is, 
whether the material can maintain high strain levels when subject 
to high external stresses. Figure 5 depicts the transverse strain of 
stretched and irradiated 65/35 copolymer under a tensile stress 
along the stretching direction. As can be seen fi-om the figure, 
imder a constant electric field, the transverse strain increases 
initially with the load and reaches a maximum at the tensile stress 

Tensile Stress (MPa) 

Figure 5. Effect of the tensile stress on the 
transverse strain (SI) for stretched and irradaied 
65/35 copolymer films. Data points are shown and 
solid curves are drawn to guide eyes. 
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Figure 6. (a) The field induced longitudinal strain (S3) as a function of the applied 
field and (b) The longitudinal coupling factor k33 for the P(VDF-TrFE-CFE) 
62/38/4 mol% terpolymer versus the applied field amplitude. 

of about 20 MPa. Upon a further increase of the load, the field-induced strain is reduced. One important feature revealed 
by the data is that even under a tensile stress of 45 MPa, the strain generated is still nearly the same as that without load, 
indicating that the material has a very high load capability[15]. 

2.2 The electromechanical properties of the terpolymer P(VDF-TrFE-CFE) 
Although high energy irradiations can 
be   used   to   convert   the   normal 
ferroelectric   P(VDF-TrFE)    into   a 
relaxor     ferroelectric     with     high 
electrostriction, the irradiations also 
introduce   many   damages   to   the 
copolymer, for instance, the formation 
of crosslinkings, radicals, and chain 
scission[16].      From      the      basic 
ferroelectric  response   consideration, 
the defect structure modification of the 
ferroelectric properties can also be 
realized by introducing randomly in 
the polymer chain a third monomer, 
which is bulkier than VDF and TrFE. 
Furthermore, by a proper molecular 
design which enhances the degree of 
molecular      level      conformational 
changes in the polymer, the terpolymer 
can exhibit much higher electromechanical response compared with the high energy electron irradiated copolymer, as 
will be demonstrated by the terpolymer containing the chlorofluoroethylene (CFE, -CH2-CFCI-) as the termonomer. 
Presented in figure 6(a) is the field-induced strains along the thickness direction (S3) as a function of the applied 
electrical field for the terpolymer P(VDF-TrFE-CFE) 62/38/4 mol%. Here the terpolymer composite is labeled as \T)Fi. 
x-TrFEx-CFEy where y is the mol% of CFE in the terpolymer. Such a notation makes it easier when comparison is made 
with the irradiated copolymers. Under a field of 130 MV/m, a thickness strain of- 4.5% can be achieved, which is 

comparable to that observed in HEEIP. Because of higher crystallinity 
in the P(VDF-TrFE-CFE) terpolymer, the elastic modulus Y~l.l GPa 
of the terpolymer here is much higher than that of HEEIP and other 
terpolymers, resulting in a high elastic energy density, YS^/2 (-1.1 
J/cm^). The longitudinal coupling factor is presented in figure 6(b). It 
is interesting to note that the coupling factor can reach more than 0.55 
which is far above coupling factors reported in all known 
piezoelectric and electrostrictive polymers. 
By increasing the ratio of VDF/TrFE in the terpolymer, the field 
mduced strain level can be raised owing to the fact that the lattice 
strain between the polar conformation and non-polar conformations 
increases with the VDF/TrFE ratio[17]. Presented in figure 7 is the 
thickness strain of the P(VDF-TrFE-CFE) terpolymer at composition 
of 68/32/9 mol% and a strain of more than 7% can be reached. The 
results here demonstrate the potential of the terpolymers in achieving 
very high electromechanical responses by composition optimization. 
In table II, we compare the electromechanical properties of four 
different types of P(VDF-TrFE) based polymers, that is, the normal 
piezoelectric P(VDF-TrFE) copolymer, HEEIP, P(VDF-TrFE-CFE) 
terpolymers studied here, and P(VDF-TrFE-CTFE) terpolymer 
(CTFE: chlorine-trifluoroethylene)[18]. Obviously, the terpolymer 
with CFE as a modifier shows the highest electromechanical 
responses. 

100 
E (MV/m) 

200 

Figure 7. The field induced longitudinal strain 
(S3) as a function of the applied field for the 
terpolymer P(VDF-TrFE-CFE) 68/32/9 moI%. 
Data points are shown and solid curve is drawn to 
guide eyes. 
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Although all three modified P(VDF-TrFE) based polymers listed in table II possess macroscopic non-polar phase with 
similar slim polarization hysteresis and field induced polarization levels, the high electromechanical response observed 
in the CFE based terpolymer indicates the important role played by the molecular microstructure. 

Table II. Comparison of the electromechanical properties of the modified PVDF based polymers and piezoelectric 
P(VDF-TrFE) 

Polymer SM (%) Y(GPa) YSM'/2 (J/cm') k^T 
PiezoP(VDF-TrFE) 
HEEIP          S3 

0.2 
-5 

3.3 
0.4 

0.0066 
0.5 

0.27 
0.30 

s, 4.5 1.0 1.0 
P(VDF-TrFE-CTFE) 
P(VDF-TrFE-CFE) 
62/38/4 mol% S3 

-4 

-4.5 

0.4 

1.2 

0.32 

1.2 

0.28 

0.55 
68/32/9 mol% S3 -7 0.3 0.73 

0.65 

♦SM is the strain and YSMV2 is the volumetric elastic energy density, ksi is the transverse coupling factor. 

P(VDF-TrFE) based polymers are semi-crystalline polymers, in which the polarization and, therefore, the 
electromechanical responses ■ originate mamly fi'om the crystalline regions[3]. In order to achieve a high 
electromechanical response, a high crystallinity is highly desirable. For the P(VDF-TrFE) copolymers m the 
composition range studied here, the crystallinity (the volume fiaction of the crystalline regions) can reach more than 
75%. When a ter-monomer is added to the polymer chain to form a terpolymer, the crystallinity, m general, will be 
reduced due to the introduction of defect structures. The resulting crystallinity in a terpolymer, therefore, will depend on 
the type as well as the mol% of the ter-monomer added. On the other hand, in order to make use of the defect structures 
to convert the polymer into an electrostrictor, there is a minimum mol% of each type of ter-monomer required in the 
terpolymer. Experimental results indicate that CFE is more effective in this regard compared with CTFE. In the 
terpol5aners containmg CFE studied here, 4-5 mol% of CFE seems to be adequate to nearly eliminate the polarization 
hysteresis, while in the terpolymers containing CTFE, nearly 10 mol% is required[l 1,18]. 
Furthermore, even for terpolymers with the same crystallinity, the field-induced strain level can still vary over a large 
range because of dififerent types of polarization mechanisms responding to an external electric field. For mstance, in the 
normal ferroelectric P(VDF-TrFE) copolymer, the polarization switching is through the dipolar re-orientation process in 
the all trans crystalline region resulting in a strain change that is relatively low as has been observed[19]. Because of the 
relaxor ferroelectric nature of the modified P(VDF-TrFE) polymers, it is possible that there exist randomly oriented 
nano-polar regions (small regions with the all-trans molecular conformation) in the polymer even though 
macroscopically, the polymer is non polar[12]. The re-orientation of those nano-polar regions under external fields may 
not generate high electrostrictive strains. On the other hand, in the HEEIPs, the room temperature non-polar phase 
consists of mixture of trans-gauche bonds (mixture of TGTG' and T3GT3G' conformations). An externally applied field 
induces a reversible molecular conformation change between TGTG'/TaGTsG' and an all-trans conformation. As a 
result, a large electrostriction is obtained.^" Analogously, in the terpolymers, in order to enhance the strain response, it is 
required that the ter-monomer introduced will favor the formation of TG bonds rather than the all-trans conformation. 
The experimental results as well as the analyses all mdicate that by further working with terpolymers with different 
VDF/TrFE ratios and with different types and mol% of the termonomers, a much higher electromechanical response is 
anticipated in P(VDF-TrFE) based teipolymers. 

3. AN ALL ORGANIC fflGH DIELECTRIC CONSTANT COMPOSITE 

For the polymers presented in the preceding section, although the large strain and large elastic energy density achieved 
represent a breakthrough in improving the electromechanical response of polymers, the high electric field (> 100 MV/m) 
required to generate the high strain and high elastic energy density may limit the applications of these polymers. The 
high operation field required to generate high strain and high elastic energy density in these polymers in fact has its 
origin from the principle of energy conservation. To illustrate this point, we take, as an example, an electroactive 
polymer which is assumed to be a linear dielectric and elastic material. The stored elastic energy density when a 
polymer is strained is Us= Vi Y S^, where Y is the Young's modulus and S is the strain. For an electroactive polymer, 
the total elastic energy density from all the strains generated cannot exceed the input electric energy density because of 
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the energy conservation. As a linear dielectric material, this input electric energy density from the external electric 
source is UE = '/j KEQE^, where E is the applied field, EQ is the vacuum dielectric permittivity (=8.85x10''^ F/m), and K is 
the dielectric constant of the polymer. In most of the polymeric materials, the dielectric constant K is less than 10, 
which is far below those in the inorganic materials, many of which can reach more than 5,000. Hence, in order to 
generate a high input electric energy density which can be converted to strain energy, a high electric field is required. 
For example, to generate a strain energy density of 0.1 J/cm^, which is the elastic energy density in piezoceramics[5], in 
a polymer with a dielectric constant 10, assuming a 50% energy conversion efficiency, which is very high for the current 
electroactive polymers, the field required is 67 V/|am. Although it was recently reported that a high induced strain (~ 
4%) can be generated in a liquid crystal elastomer under a low field (-1.5 V/^im), however, the elastic modulus of the 
elastomer is quite low (~ 1 Nffa) which results in a very low elastic energy density (-0.001 J/cm^)[7]. In order to reduce 
the applied field substantially in the electroactive polymers while retaining the high elastic energy density, which is 
required in many practical applications, one has to substantially raise the dielectric constant of this class of polymers. 
In the past, the composite approach, in which high dielectric constant particulates are added to a polymer matrix to form 
a composite, has been employed to raise the dielectric constant of polymer based materials[21]. However, because these 
high dielectric constant fillers (most often, ceramic materials) also possess an elastic modulus that is much higher than 
that of polymers, the resuhing composite also shows an elastic modulus much higher than that of the polymer matrix and 
loses its flexibility. In addition, the low dielectric constant of the polymer matrix utilized (^10) also results in the 
composite dielectric constant still below 100. 
Recently, we experimented with composites using the high dielectric constant organic solids as the filler and the 
electrostrictive P(VDF-TrFE) as the matrix. In several semiconductor organic solids, very high dielectric constant has 
been reported[22-24]. One example is copper-phthalocyanine (CuPc) which exhibits a dielectric constant as high as 10^. 
The large dielectric constant can be explained in terms of the electron delocalization within CuPc molecules. CuPc 
oligmers are highly conjugated and have a large planar structure. The easy displacement of the electrons under electric 
fields from the conjugated n-bonds within the entire molecule results in a large displacement of the charges and, hence, a 
high polarizability and high dielectric response[24,25]. Fiuthermore, the open molecular structure of the oligmers and 
the weak van der Waals intermolecular forces render the molecular solids formed with an elastic modulus not much 
higher than the polymer matrix. On the other hand, CuPc solids are difBcult to process and show a high dielectric loss 
due to the long range intermolecular hopping of electrons. Therefore, in addition to provide a matrix to the CuPc 
particulates, the polymer matrix also forms insulation layers to significantly reduce the dielectric loss. 
The electrostrictive P(VDF-TrFE) polymers are used as the polymer matrix. As has been shown in the preceding section, 
the electrocstrictive P(VDF-TrFE) polymers exhibit a high room temperature dielectric constant (>50) which is by far 
the highest among the all known polymers. Moreover, the polymers also exhibit a very high electrostrictive strain. Both 
features are highly desirable for the composites. 
In deeded, the resulting composite exhibits ahnost the same elastic modulus as the polymer matrix and but still retains 
the flexibility. For composites containing 40 wt% to 55 wt% of CuPc, which is the composition range of interest, the 
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Figure 8. (a) Dielectric properties of the all-organic composites. The real part of the dielectric constant (K') and dielectric loss 
(D) as a function of the applied field amplitude for the composite with 40wt% CuPc and (b) Dielectric properties the polymer 
matrix as a function of the applied field amplitude, (c) The strain amplitude as a function of the applied field amplitude 
measured at room temperature. For the comparison, the strain from the electrostrictive P(VDF-TrFE) copolymer at the same 
field range is also shown (the dashed curve). The applied field is at 1 Hz. Data points are shown and solid curves are drawn to 
guide eyes. 

Proc.ofSPIEVol.5051     139 



elastic modulus at room temperature is in the range of 0.6 GPa to 1.2 GPa, (the density of CuPc is similar to P(VDF- 
TrFE) and hence the wt% is also sunilar to the volume %). The composite also exhibits a high dielectric constant as 
shown in figure 8(a). More importantly, a high strain can be induced with a much reduced applied field. Presented in 
figure 8(c) is the field induced strain as a function of the applied field amplitude measured on a composite with 40 wt% 
CuPc in an electrostrictive P(VDF-TrFE) polymer matrix. A strain near 2 % can be induced under a field of 13 V/nm 
and the strain measured is proportional to the applied electric field. Considering the fact that the composite possesses 
the same elastic modulus as those of electrotrictive P(VDF-TrFE) polymers, the result demonstrates that this all organic 
composite approach can result in a near 10 times reduction of the applied field in comparison of the electrostrictive 
P(VDF-TrFE) polymers. The composite properties such as the breakdown field and dielectric constant can be improved 
and as a result, much higher strain level with low apphed field can be expected in this new class of polymer-like 
material. 
The results of the strain rneasurement indicate that the field induced strain S is proportional to the square of the applied 
electric field, suggesting that the strain response originates from either the Maxwell stress (the electrostatic force), or the 
electrostriction, or both[5,6,26,27]. When a dielectric material is subject to an electric field E, it will experience an 
electrostatic force (Maxwell stress) due to the Coulomb force between charges. The strain induced by the Maxwell stress 
along the applied field direction is[26] 

S = '4K8oE^(l+2a)A^ (3) 
Here we assumed that the dielectric material is isotropic and a is the Poisson's ratio. The electrostriction is strain 
generated due to a change in the polarization in a material under constant stress, which is equal to S = ME^, where M is 
the electrostrictive coefficient and is proportional to the square of the dielectric constant[27]. 
From the dielectric and elastic data, the contributions to the strain response fi'om the Maxwell stress and electrostriction 
may be estimated. Assuming that the composite is homogeneous, the strain due to the Maxwell stress under a field of 13 
V/|im is about -0.1%. For the electrostriction fi-om the polymer matrix, assuming that all the applied field is totally 
loaded on the polymer matrix because its dielectric constant is much lower than that of CuPc, it is also about -0.1%. The 
measured strain response, therefore, is about one order of magnimde higher than the combined strain firom the two. 
In an early study on the field induced strain in a polyurethane elastomer, it was observed that a non-uniform electric 
field distribution can significantly enhance the strain response (more than 5 times in that case) if the strain is 
proportional to the square of the local field[28]. The composites investigated here are highly heterogeneous where a 
large variation in the local fields is likely, which vwU enhance the strain response. In addition, bond length and 
conformation change in CuPc due to electron motions as well as the CuPc molecular reorientation under external fields 
may also contribute to the strain response[29]. 

4. CONCLUSIONS AND ACKNOWLEDGEMENT 

By making use of the large strain associated molecular conformation change and the large ferroelastic coupling in 
P(VDF-TrFE) based ferroelectric polymers, a very large electrostrictive strain can be obtained in two defects modified 
P(VDF-TrFE) polymers, i.e., the P(VDF-TrFE) based terpolymers and high energy electron irradiated copolymers. The 
fiinctions of the defect structures, introduced via the termonomers in the terpolymer or the high energy electron 
irradiation in the irradiated copolymers, are (1) to broaden the temperature range in which a polar and non-polar phase 
can reversibly induced by extemal fields, (2) to eliminate the nucleation barriers in the transformation between the polar 
and non-polar phases, and (3) to lower the transformation region to room temperature. As a result, a large 
electrostrictive strain can be achieved at room temperamre over a broad temperature range in these modified polymers. 
Compared with the high energy irradiation, the terpolymer approach to modify the copolymer is more attractive since it 
reduces the manufacture cost and simplifies significantly the processing steps. In addition, it reduces greatly the 
undesirable side effects introduced by the irradiation to the polymers and hence, can produce a modified polymer with 
much better electromechanical responses compared with the high energy irradiated copolymers, as has indeed been 
observed. 
In order to reduce the high operation fields required in these polymers which originate from the low dielectric constant 
in the polymers, we investigated an all organic composite approach in which semiconductor organic solids with very 
high dielectric constant were used as the fillers and the electrostrictive polymers based on modified P(VDF-TrFE) 
polymers as the matrix. We showed that this approach could produce a composite (with the filler in the 40 - 60 wt% 
composition range) with high dielectric constant (>400) and a high induced strain under a low applied field. 
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Furthermore, the new composite exhibits an elastic modulus similar to that of the matrix and is flexible, which are very 
different from the high dielectric composites developed earlier in which inorganic materials are used as the fillers. 
The authors wish to thank Dr. R. Ting and Dr. Belfield for their assistance in the terpolymer synthesis. The authors also 
wish to thank Dr. J. Runt and Dr. L. E. Cross for comments and discussions. We appreciate greatly the financial support 
of this work by ONR under grant No. N00014-02-0418, DARPA under contract No. N00173-99-C-2003, and NIH under 
the grant 1 RO HL65959. 
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In-Air and Underwater Performance and Finite 
Element Analysis of a Flextensional Device 

Having Electrostrictive Poly(vinylidene 
fluoride-trifluoroethylerie) Polymers As the 

Active Driving Element 
Feng Xia, Zhong-Yang Cheng, and Qiming Zhang, Senior Member, IEEE 

Abstract—A flextensional transducer, in which the 
electrostrictive poly(vinylidene fluoride-trifluoroethylene) 
[P(VDF-T>FE)] copolymer was used as the active driving el- 
ement, was fabricated and characterized. The results'show 
that transducers of several milUmeters thick can produce 
an axial displacement of more than 1 mm in air along the 
thickness direction, and a transmitting voltage response of 
123 dB re 1 /jPa/V at 1 m in water at frequencies of sev- 
eral kilohertz. A finite element code (ANSYS, Inc., Canons- 
burg, PA) was used to model the in-aIr and underwater 
responses of the flextensional transducer over a broad fre- 
quency range. The calculated resonance frequencies and 
transmitting voltage response spectra show good agreement 
with the experimental data. In addition, the performance 
of both the in-air actuator and underwater transducer was 
analyzed for different design parameters of the flextensional 
structure. These results show that the performance of the 
flextensional transducer could be tailored readily by adjust- 
ing the parameters of the flextensional metal shell. 

I. INTRODUCTION 

FLEXTENSIONAL devices, including actuator and trans- 
ducer, act as mechanical transformers that transform 

and amplify the displacement or force generated in an ac- 
tive element, and thus makes it possible to tune the device 
performance over a broad range to meet the demands of 
different applications. Generally speaking, the devices con- 
sist of a driving element that is mechanically coupled to a 
flexible shell, as shown in Fig. 1. Depending on the ratio of 
height/length (h/L), the flextensional devices can amplify 
the extensional motion of the active element into a larger 
extensional motion 5h of the shell, or work in the reverse 
mode that amplifies the force generated in the active ele- 
ment into a larger force of the shell, while the correspond- 
ing displacement 6h of the shell becomes smaller than that 
of the active element. In most cases, the shell flexes and the 
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Fig. 1. Schematic of a flextensional device. L is the length of the 
active driving clement, h and Sb are the arch height and extensional 
motion of the flexible shell, respectively. 

active plate extends, thus deriving the name flextensional. 
Flextensional transducers have been used widely for under- 
water transducers [l]-[4], .which find applications mainly in 
the low-frequency range (300-3000 Hz) due to the low res- 
onance frequency in the flextensional shell [3], [5]. Accord- 
ing to the shape of the shell, flextensional transducers are 
divided into seven classes [Ij, [6], (7]. Among them, classes 
rV and V have attracted great attention in recent years [2]. 
The recently developed Moonie and Cymbal by Newnham 
et ctl. [8] and Zhang et ed. [9] are essentially miniaturized 
versions of the class V flextensional transducers. In ad- 
dition, the Moonie and Cymbal also are investigated for 
actuator applications because of the displacement amplifi- 
cation function of the flextensional devices. As actuators, 
the Moonie and Cymbal, which provide a relatively large 
displacement while maintaining a relatively high-force out- 
put, bridge the gap between the monolithic aurtuators and 
bimorphs [8], [10]. 

In the traditional flextensional devices, piezoelectric ce- 
ramics are predominately the material of choice for the ac- 
tive driving element [2], [8], [9], which exhibit a strain level 
of about 0.1% and an elastic energy density of 0.1 J/cm*. 
Therefore, new materials with higher strain level, higher 
power density, and lightweight are highly desirable for 
flextensional devices vsed for underwater tramsducers for 
high power operation, and actuators to generate large dis- 
placements and high forces. Recently, a high-energy elec- 
tron irradiated poly(vinylidene fluoride-trifluoroethylene) 
{P(VDF-TyFE)] copolymer with electrostrictive strain of 

0885-3010/$10.00 © 2003 IEEE 
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Fig. 2. ElectrostrictivB strain for (a) high-energy, electron-irradiated 
P(VDF-TrFE) copolyincr and (b) P(VDF-TrFE-CFE) torpolyiiior 
without irradiation. 

5% [see Fig. 2(a)] and an elastic energy density of more 
than 0.5 J/cni^ has been developed [11], [12]. Furthermore, 
it is shown that the material can be operated to above 
100 kHi! [11]-[13]. In addition to the high-energy elec- 
tron irnidiated P(VDF-TrFE) copolyniers, it has been 
shown that the large electrostrictive responses also can 
be achieved in P(VDF-TrFE)-bascd terpolymers without 
iiTadiation [14]. For example, an electrostrictive strain of 
more than 7% can be induced in the terpolyraer of P(VDF- 
TrFE-CFE) (CFE, chlorofluoroethylene) [Fig. 2(b)]. These 
features arc attractive for the flextcnsional actuators to 
generate large displacement and force simultaneously, and 
for high-power underwater transducers. 

Recently, such a flextensioiial device has been fabricated 
and tested using the irradiated P(VDF-TrFE) electrostric- 
tive polymers [15]. In this paper, we will review briefly the 
actuator and underwater transducer performance of the 
fiextensional device. Then, wc will present the results of 
a finite element analysis on the performance of this de- 
vice that illustrates how the performance depends on the 
parameters of the flextensional structure. ' ^ 

11. EXPERIMENTAL RESULTS OF ACTUATOR AND 
UNDERWATER TRANSDUCER PERFORMANCE 

Fig. 3 is the flextensional device fabricated, which is 
ba.sically a Claiss IV flextensional transducer. The elec- 
trostrictive P(VDF-TrFE) copolymer was used as the ac- 
tive driving element, which consists of a multilayer plate 
laminated from the electroactive P(VDF-TrFE) polymer 
(BAP) films (~30-/im thick per layer). Two flextensional 
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u, 
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Fig. 3. SItctcli of a flextensional transducer based on stretched elec- 
troactive polymers, where 2d, L, and w are the thiclcness, length, and 
width of the multilayer EAP plate, respectively, t is the thickness of 
the metal shell, and h is the height of the arch, Sh and Sh are the 
displacement along X and Z direction. 

metal shells were fixed at the two ends of the active poly- 
mer plate to amplify the displacement. In this config- 
uration, the transverse strain of the kradiated copoly- 
mer is used. The dimensions of the active element are 
length = 26 mm and width = 31 nun, which is the length 
and width of the multilayer copolymer plate, respectively. 
Spring-steel sheets with a modulus of 210GPa (Blue Tem- 
pered & Polished Spring Steel, Precision Brand Products, 
Inc., Downers Grove, IL) were u.sed as the metal shell. As 
shown in Fig. 3, 6L and Sh denote the displacement along 
the X- and Z-direction (at the center of the flextensional 
shell), and hence, Sh/5L is the amplification ratio of each 
flextensional shell. The total displacement generated by 
the device along the Z-direction is 2 Sh. 

For the flextensional actuators operated in air (IVans- 
ducer I), the thickness (t) of the active polymer plate is 
2 d = 1 mni and the thickness of the flextensional shell 
is t = 0.125 mm. Two actuators with two different initial 
h/L (0.053 and 0.109) were fabricated to demonstrate the 
displacement amplification effect of the device. The dis- 
placement 2 i5h at 1 Hz generated at different driving fields 
is presented in Fig. 4(a). As can be seen, a displacement 
of more than 1 mm can be generated along the Z-direction 
for a flextensional actuator with total thickness of less than 
7 mm along the same direction. As shown in Fig. 4(b), the 
displacement generated does not decrease when a load is 
applied along the Z-direction, indicating a high-load capa- 
bility. The slight increase of the displacement with load is 
due to the increase of the transverse strain response with 
the tensile stress of the electrostrictive copolymer [16]. 

To characterize the underwater performance, the thick- 
ness 2 d of the active element was increased to 2 mm (to 
raise the force output) and the flextensional shell thickness 
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Fig. 4. Displacement responses of the flextensional actuator (IS]. 
(a) Displacement at the midpoint of the flextonsional shell as a func- 
tion of the electrical field at 1 Hz. (b) Normalized displacement at 
the midpoint of the shell as a function of the mechanical load at a 
constant electrical field of 1 Hz. 

t was increased to 0.375 mm. The arch height is 3 ram. 
All the other dimensions of the transducer were kept the 
same. This trjinsducer is referred to as IVai^sducer II in 
thus paper. The electric impedance of the transducer was 
first characterized in air, which showed' the fundamen- 
tal resonance due to the flextensional shell occurring at 
4.5 kHz. The same transducer then was characterized in 
water. Due to the mass loading of water, the resonance 
frequency was reduced to about 1.7 kHz [15]. For the un- 
derwater transducer performance, the transmitting voltage 
response (TVR) was measured, 

TVR(dB) = 201ogio(p/Pref) (1) 

where Pref = 1 /xPa and p is the pressure generated under 
a 1 V voltage applied across the electrical terminals of the 
transducer and measured 1 m away from the transducer. 
The TVR has the unit of decibels to 1 juPa per volt at 1 m 
(dB re /itPa/V at 1 m). Because the acoustic wavelength 
is much larger than the size of the transducer, the trans- 
ducer here can be regairded as a point source, which shows 
an omnidirectional directivity pattern as measured. Fig. 5 
shows the TVR of the transducer under a direct current 
(DC) bias of 1500 V (for an electrostrictive material, a 
DC bias is required to generate an equivalent piezoelec- 
tric state). A broad resonance centered at 1.7 kHz was ob- 
served. The TVR near the resonanceis 123 dB re 1 ^Pa/V 
at 1 m for the device. The mechanical quality factor Qm 
is found to be 1.55. Compared with traditional piezoelec- 
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Fig. 5. Measured and calculated TVR of the flextenaiona] underwater 
transducer. Solid line is the measured values under a DC bias of 
1500 V; dashed lines are the calculated values using FEA with two 
different meshing levels. The calculated data are in accord with the 
measured data. 

trie ceramics-based flextensional transducers, the current 
small size trsinsducer can be operated at low frequency of 
about 1-2 kHz with relatively high TVR, high source level, 
and low mechanical quality factor [2], [9], [15]. 

III. FINITE ELEMENT MODELING OF THE 

FLEXTENSIONAL DEVICES 

The finite element analysis (FEA) has been used ex- 
tensively in modeling complex transducer and actuator 
structures [9], [17], [18]. The purpose of FEA is to nu- 
merically solve complex partial differential equations so 
as to mathematically describe and predict the phjrsical 
behaviors of an actual engineering system under various 
structures and loading conditions. The advantage of PEA 
is to allow the designer to manipulate and test the efifects 
of all the possible design variables using computer analy- 
sis rather than by the more tedious emd costly alternative 
of actually building and testing prototype designs. In this 
study,' ANSYS 5.7 (ANSYS, Inc., ;Canonsburg; PA) was' 
used to simulate the in-air and underwater performance 
of the flextensional device..Because, no commercial FEA 
code has been developed to model electrostrictive materi- 
als, the electrostrictive polymer was treated as an effective 
piezoelectric material under DC bias. The effective piezo- 
electric constants for irradiated copolymer used here are 
d33 = -226 pm/V and dsi = 235 pm/V under DC bias of 
50 MV/m. In the FEA modeling, the in-air directly mea- 
sured data were used to validate the FEA model. As will 
be shown later, both the modeling results of the transducer 
in-air and underwater performEince are in good agreement 
with the measiured results. Because the modeling of the un- 
derwater flextensional transducer involves electrostrictive 
materials and acoustics, coupled-field :and acoustic analy- 
sis (19] were used. The modal analysis was carried out to 
determine the resonance frequencies and niode shapes of 
a structure, and the harmonic analysis was performed to 
evaluate the frequency-dependent behaviors [20]. 
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(a) 
Fig. 6. In-air modeling of the transducer, (a) Geometry of the model, (b) meshing and deformed shape of the transducer in air. Under 
electrical driving, the electroactive polymer plate extends, and the metal shells Hex with the direction shown by the arrows. 

A. FEA of the In-Air Performance of the 
Flextensional transducer 

Figs. 6(a) and (b) present the three-dimensionjil (3-D) 
geometry and meshed elements created using ANSYS, in 
which the coupled-field element SOLID 5 [19] was used 
to simulate the electroactive polymer. Both 2-D and 3-D 
models were applied to analyze the in-air performance of 
the transducer, and the results were consistent with etich 
other. In dealing with the underwater modeling, only the 
2-D model was used so that the computing time would 
be reasonably short for the analysis over different trans- 
ducer configurations. Such treatment is valid because the 
acoustic wavelength is much larger than the device size 
and the directivity pattern is omnidirectional, as has been 
pointed out earlier.; Fig. 6(b) also,shows the deformed 
shell shape when the active element is being electrically 
driven. As expected, the active polymer plate extends in 
the X-direction, causing the metal shell to move in the 
Z-direction to amplify the displacement. 

Based on FEA, the displacement SL, Sh, and ampli- 
fication ratio Sh/5L as a function of t (shell thickness) 
and h (the initial arch height) of the metal shell, as de- 
fined in Fig. 3, were obtained. The results are valuable in 
designing the actuator based on the flextensional device 
configuration investigated here. The modeling results also 
were compared with the experimental data to validate the 
model. In the modeling, the dimensions of the active plate 
were kept the same; only the dimensions of the metal shell, 
such as t and h, were varied. ,  ., 

Fig. 7 shows SL, Sh, and Sh/6L as a' fiinction of metal 
shell thickness t, arid h is 2.8 mm. The applied alternating 
current (AC) field is 1 Hz with amplitude of 50 MV/m. 
When t increases firom 0.125 mm to 0.8 mm, both SL and 
(5h decrease, but their ratio decreases only slightly. For 
t = 0.125 mm, FEA yields that SL is 0.115 mm, 2 <5h is 0. 
405 mm, and Sb/SL is 1.78, which are consistent with the 
data shown in Fig. 4(a) with Sh/SL = 1.8, indicating that 

0.2      0.4      0.6      0.8 

Shell thickness t (mm)    i ,.;. 

Fig. 7. SL, Sh, and Sh/SL at 1 Hz .under an' AC driving field of 
50 MV/m as a function of metal shell thickness t.      '. 

the par{hmeters used in the model are valid. 
Shown in Fig. 8(a) are SL and Sh of the transducer as a 

function of metal shell arch height, h; and t is 0.375 mm, 
which is the shell thickn^s. The results are obtained when 
the device is driven under an AC field of 50 MV/m at 
1 Hz. As can be seen, when increasing h, SL increases and 
Sh decreases, and Sh/SL also decrease from more than 4 
to less than 1. These results indicate that, as h increases, 
the force that the metal shell exerts on the active element 
becomes smaller, resulting in a larger SL. Prom an early 
analytical analysis [15], Sh/SL is a function of h/L as: 

Sh 
SL 

4 £2 
n^h 
2 L 

(2) 

As shown in Fig. 8(b), Sh/SL calculated using (2) is 
consistent with that obtained from FEA. The small devi- 
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Fig. 8. (a) 4L and ih at 1 Hz under an AC driving field of 50 MV/m 
as a function of metal shell arch height h; (b) Sb/SL as a function 
of h/L. The solid line is from FEA modeling, and the dashed line is 
from analytical modeling. 

ation at large h/L values originates from the assumption 
used in deriving (2), which requires h^/L'^ <£ 1. Also as 
can be seen in Fig. 8(b), 5h/SL becomes less than 1 when 
h/L is larger than 0.24, indicating that, at this condition, 
the flextensional structure will no longer function as a dis- 
placement amplifier. 

To investigate the frequency dependence behavior of the 
displacement responses, a harmonic analysis was carried 
out for the Transducer IL As shown in Fig. 9, a resonance 
frequency of 4.5 kHz is observed for this transducer. At 
the resonance frequency, 5h can reach 0.8 mm in air. 

A modal analysis was carried out to find the furst 10 
vibration modes of this transducer operated in-air. Fig. 10 
presents the first two vibration mode shapes of the metal 
shell, which occur at 4.5 kHz and 11 kHz, respectively. 
Comparing with the second mode, the first mode shows a 
large volume change, which is desired for the underwater 
transducer application. Later, we will show that large vol- 
ume change and large volume velocity will result in large 
acoustic pov/er when .the transducer is operated in water. 

B. Modeling of this Underwater Performance of the 
Flextensional Transducer 

In FEA for underwater modeling, there are basically 
two approaches, first is to calculate the effective water 
load and then apply the load on the structure as the water 
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Fig. 9. Displacement under an AC field of 50 MV/m versus frequency 
for the transducer with t = 0.375 mm and h = 3 mm in air and in 
water. 

media [17]. Second, which is more direct and accurate, is 
to create an infinite water environment around the trans- 
ducer. The second approach is used in our study. To create 
an infinite water environment, two hemispheres of water 
with a radius of 1 m were first put around the two radiating 
faces, as shown in Fig. 11(a) (in Fig. 11, the hemisphere of 
water is not drawn in proportion so that the small trans- 
ducer can be shown clearly). Then, a structure-fluid inter- 
face was defined between the transducer and water hemi- 
spheres. The semisphere of water was meshed using a 2-D 
acoustic element FLUID 29. After that, the outer bound- 
ary of the water hemispheres was modeled using the spe- 
cially designed infinite acoustic element FLUID 129 [19]. 
These infinite acoustic elements absorb the incident pres- 
sure wave, simulating the outgoing effects of a domain that 
extends to infinity beyond the FLUID 29 elements. As a 
result, an infinite fluid environment was created around 
the transducer, as shown in Fig. 11. 

In the harmonic analysis [20], an AC signal of 1 V was 
applied to the two electric terminals of the eictive polymer 
plate; and the frequency-dependent parameters, such as 
pressure in the water and the displacement of the trans- 
ducers, were determined. Once the pressure was obtained, 
the TVR could be calculated following (1). 

Fig. 11(b) presents the deformed shape of the trans- 
ducer in water at 1650 Hz, at which the active polymer 
plate extends and the shell flexes as expected. For com- 
parison with the in-air data, SL and Sh in water as a func- 
tion of frequency for the transducer with t = 0.375 mm 
and h = 3 mm also are plotted in Fig. 9. Due to water 
load, both SL and 5h in water are smaller than those in 
air, and the resonance frequency is reduced from 4.5 kHz 
in air to about 1.7 kHz in water. In addition, the water 
loading also reduces the resonance displacement, indicat- 
ing the mechanical quality factor Qm of the transducer 
becomes smaller in water. 

Fig. 12 shows the pressure versus frequency of the wa- 
ter element at the radius of 1 m when the transducer was 
driven by 1 V (~0.033 MV/m) and 50 MV/m across the 
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Fig. 10. Tbe first two vibration modes of tlie metal sheil at (a) 4.5 kHz and (b) 11.0 IcHz. 
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Fig. 11. The underwater modeling of the transducer, (a) The geometry of the underwater model with infinite water media and structure-Buid 
Interfcu^. Element 29 and element 129 are used to model tlie water and Infinite water boundary [19]. (b) The meshing and deformed shape 
underwater. Comparing with (a), the metal shells flex under electrical driving. 
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The current / is equal to: 

r        ^ ■ iut 

and the applied voltage is: 

Admittance K can be determined from: 

V      VoeJ'-'i      ^  Vo' 

Since VQ = 1 V, Y becomes: 

Y=juqo=j(2vf)go. 

(3) 

(4) 

(5) 

(6) 

(7) 

Because of the acoustic radiation, go obtained from FEA 
is a complex number, and thus admittEince Y is also a 
complex mmiber. Fig. 13(a) shows the qo obtained for the 
traiisducer operated in air and in water, and Fig. 13(b) 
presents the Y deduced from qo. Again, due to water load, 
the fundamental resonance frequency of the transducer is 
reduced from 4.5 kHz in air to 1.7 kHz in water, which is 
consistent with the experimental data. 

Because the size of this transducer is much smaller than 
the acoustic wavelength in water, the transducer can be 

2000     4000     6000 

Frequency (Hz) 

8000 

Fig. 12. The pressures as a function of frequency in water 1 m away 
from the transducer luider a driving of 1 V (solid line) and 1500 V 
(dashed line), respectively. 

electrical terminals of the transducer, respectively. Using 
(1), the TVR is calculated and shown in Fig. 5 to be com- 
pared with the experimental data. The calculated TVR 
curves, which show a resonance frequency about 1750 Hz 
and a maximum TVR of 122 dB re 1 fiPa/V at 1 m, are 
in accord with the experunental data. 

Admittance is calculated as I/V where / is the current 
and V is the applied potential. The current / is related 
to the accumulated charge on the electrode surface. The 
nodcd charge (nodal reaction force) can be found using 
POST 26 (the time-history postprocessor) in ANSYS [19], 
which can be written as: 

^ 

IB 
IE 
E 
5 

1.5 • (b)   '                          /^ 
■""■->,                    y^ 

1.0 

\           4/^ 

O.S X \     J 

nn 
/            Resonance 

-2. 

0       -1000   2000    3000    4000 

Frequency 

Fig. 13. The underwater modeling results of the flesctensional trans- 
ducer, (a) The induced current versus frequency in air and under- 
water for the transducer. The solid line is amplitude and the dashed 
line is phase, (b) Admittance (solid line) versus frequency for the 
transducer in water. The dashed line is phase. 

approximated as a point source. For a point source, it is 
well-known that the'far-field pressure p and acoustic power 
Pa are related to the volume velocity Qo as [2]: 

p = 500Qo/, 

Pa = 1.05Qg/^ 

(8) 

(9) 

Using the pressure data in Fig. 12, the volume velocity 
Qo can be obtained, and thus the acoustic power Pa can 
be deduced. When driven by 1 V, Fig. 14 shows Qo and Pa ■ 
as a fiinction of frequency. The maximum Pa is observed 
at the resonance frequency of 1.7 kHz; and maximum Vol- 
ume velocity Qo occurs at 1.6 kHz, which is a little lower 
than the resonance frequency. Under a driving field level 
of 50 MV/m, Qo and Pa can reach about 1800 cm^/s and 
9.8 W, respectively. As can be seen from (9), for a given 
frequency and fiuid medium, which sets the values of the 
acoustic wavelength and the specific acoustic impedance of 
the medium, the power is a function of the volume velocity 
Qo. Therefore, in order to obtain the largest power output, 
it is necessary to obtain as large a volume velocity as pos- 
sible. FVom the modal analysis, as shown in Fig. 10, lower 
frequency mode 1 is much better for underwater acous- 
tic devices than mode 2, because mode 1 produces larger 
volume change. In order to tailor and optimize the trans- 
ducer performances, the FEA was used to study how the 
underwater performance of the transducer depends on the 
parameters of the fiextensional structure, such as h and t. 
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Fig. 14. Volume velocity Qo and acoustic power P» versus frequency 
under a driving of 1 V between the two electric terminals of the 
multilayer plate. 

Again, for the comparison, L, d (d = 1 nun), and w were 
kept as constants. 

Fig. 15 presents the effect of metal shell thickness t on 
the TVR and fundamental resonance frequency f, of the 
device. The resonance frequency increases monotonically 
with the shell thickness, which is understandable because 
the vibration mode is mainly due to the shell flexure mo- 
tion, and its resonance frequency increases with the shell 
thickness. As seen in Fig. 15(b), the TVR has a maximum 
at about t = 0.29 mm; and, imder this condition, Qo is 
about 1.3 cm^/s at the resonance frequency. As presented 
earlier, the displacement of the transducer decreases with 
increasing t, resulting in a decreasing volume velocity Qo- 
However, the increase of resonance frequency will increase 
the far field p as indicated in (8), thus a maximum value 
of TVR (pressure) is observed here. . " 

•Similarly, the underwater performance of the fiexten- 
sional transducer with different arch height h also was ob- 
tained'using FEA. Fig. 16 shows the TVR and resonance 
frequency in water as a function of h. As h changes from 
1 to 8 mm, the resonance frequency increases from 700 Hz 
to 5.3 kHz, and TVR increases from 116 to 123 dB re 
1 /iPa/V at 1 m, indicating the operation frequency can 
be adjusted in a large range. Because the pressure (TVR) 
is proportional to the volume velocity and frequency as in- 
dicated by (8); it is the increase of the resonance frequency 
with h that results in the observed increase in TVR when 
h is increased from 1 mm to 6 mm. 

These results indicate that this type of transducer can 
be operated at a frequency range of several hundred hertz 
to several kilohertz with relatively high TVR (more than 
115 dB re 1 iiPa./V at 1 m). 

IV. SUMMARY 

A flexten-sional device, using the newly developed high 
electrostriction electroactive polymers, was fabricated and 
characterized. The results show that the small device 
(1 in. X 1 in. in lateral dimension and a few millime- 
ters thick) is capable of generating a displacement at 

2 4 6 
Frequency (kHz) 

123 

114 
0.2     0.4     0.6     0.8 
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Fig. 15. TVR and resonance frequency fr of the transducer as a func- 
tion of metal shell thickness t. (a) TVR versus frequency, (b) fr (line 
with squares) and TVR (line with diamonds) at fr versus t. 

12  3  4   5  6   7   8 
h(mm) 

Fig. 16. TVR and resonance frequency fr of the transducer as a func- 
tion of arch height h. (a) TVR versus frequency, (b) fr (line with 
squares) and TVR (line with diamonds) at fr versus h. 
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millimeter-level in air with high load capability. When op- 
erated in water, the device exhibits a low frequency reso- 
nance (<2 kHz) while generating a relatively high TVR of 
about 123 dB re 1 ftPa./V at 1 ra. Finite element analysis 
(ANSYS) was used to simulate the transducer and inves- 
tigate how the performance depends on the parameters 
of the flextensional structure. Both in-air and underwater 
performances of the device were modeled, and the results 
are in accord with the experimental data. The FEA re- 
sults indicate that the performance of this flextensional 
device can be tailored readily by adjusting the parame- 
ters of the flextensional metal shell. The results show that 
this type of transducer can operate at a frequency range of 
several hundreds hertz to several kilohcrtz with relatively 
high TVR. 

flextenHionol tranisducer biuied on electroutrictivc polyvinylidcnc 
fluoride-trifluoroethylene copolymer," IBBE Trans. Ultrason., 
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RADICAL TELOMERIZATION OF VINYLIDENE FLUORIDE IN 
THE PRESENCE OF DIBROMODIFLUOROMETHANE AS 

TELOGEN 

Kevin D. Belfield. Gomaa G. Abdel-Sadek Jinyu Huang, and Robert Y. Ting 

Department of Chemistry, University of Central Florida, P.O. Box 162366, 
Orlando, PL 32816-2366 

The bromine-terminated poly(VDF) telomer was characterized with by 
'H, "C, and "F NMR. The 'H NMR of poly(VDF) telomer is shown in 
Figure 2. The peaks observed at 2.8-3.0 ppm are associated wifli the noimal 
head-to-tail (h-t) structures -CF2-CH2*-CF2-, while signals observed at 2.25 
ppm coirespond to the -CH2*- resonance in the head-to-head (h-h) or the tail- 
lo-tail (t-t) structures or -CH2*-CH2*-CF2Br. Finally, the signals observed at 
3.5-3.7 ppm can be attributed to the terminal end group, -CH2-CF2-CH2*- 
CF2Br. 

Introduction 
Living polymerizatioD techniques have been developed in free-radical 

and ionic polymerizations to prepare well-defined polymer architectures and 
block co-polymers. Well-defined block co-polymers have been prepared by 
living or controlled free-radical polymerizations via formation of telomers. 
The controlled fi^e^adical polymerizations typically involve polymerization 
of styrene, acrylate, or methaaylate monomers. Fluoroediylene polymers 
have been a subject of numerous research and development efibrts, resulting 
in their use in a number of important technological applications. However, 
there have been fewer reports of controlled free-iadical polymerization of 
fiuorinated olefins resulting in the corresponding block co-polymers. Thus, 
flie development of synthetic me&odology to prepare well-defined block co- 
polymers from iluorinated olefins is of significant interest. 

Fluorinated telomers are very interesting intermediates involved in a 
number of applications, including sur&ctants, membranes, coatings, etc. Sudi 
telomers can be prepared either from commercially available fiuorinated 
monomers, from fluorinated telogens, or the combination of the two.' Radical 
telomerization of vmylidene fluoride (VDF), in the presence of various 
telogens, has been reported,^ thermally, photochemically, or in presence of 
free radical initiators. Our investigations are centered on die telomerization of 
VDF using dibromodifluoromethane (CBr2F2) as a telogen with tri-n-butyl 
boron/02 or di-ter(-butyl peroxide as initiators. We wish to report the 
synthesis and characterization of poIy(VDF) telomers, with structural 
characterization accomplished by mniltinuclear NMR spectroscopy ('H, "C, 
and "F) and elemental analysis. 

Experimental 
Materials: Vinylidene fruraide (98%) was obtained from SynQuest 

Labs, Inc. Di-ter(-butyl peroxide (98%) and dibromodifluoromethane (97%) 
were purchased from Aldrich and used as received. Tri-fl-butylboron was 
used as received from Alfii Aesar. 

Instrumentation: 'H, "C, and "F NMR spectra of telomers were 
obtained on a VARIAN MERCURY 300 MHz instrument, using DMSO-ds 
and TMS or CFCI3 as the internal references. Elemental analysis was 
performed by Atlantic Microlab, Inc. (Atlanta, GA). 

General Procedures: Telomerization of vinylidieoe fluoride was 
carried out in a 600 mL stainless steel autoclave (Pan) using either tri-n-butyl 
boron or di-fer(-butyl peroxide initiators at room temperature or 140 °C, 
respectively for 19 b. In a typical run using tri-n-butylboron as the initiator, 
tiie autoclave was cooled widi liquid N2 and 37 mL of vinylidene fluoride 
(VDF) was added. The autoclave was charged with dibromodifluoromethane 
(25 g, 0.12 mol), tri-n-butylboron (1.6 g, 9 nunol) and O2 (120 mL, 4.8 mmol) 
via syringe. The mixture was stitred for 19 h at room temperature, after which 
time the unreacted monomer and telogen were removed. The telomer was 
recovered fi-om the autoclave as a yellowish powder, which was then 
dissolved in acetone and repredpitated using hexanes. An acetone solution of 
the telomer was treated vritb decolorizing charcoal, filtered, and dried under 
vacuum at 40 °C for 24 fa, resulting in a white powder. The preparation of the 
second telomer, using VDF in the preseiKe of di-fert-butyl peroxide initiator 
at 140 °C, resulted in isolation of a white powder after similar purification 
conditions. 

Results and Discussion 
Bromine-terminated Poly(VDF) was prepared in the presence of 

dibromodifluoromethane using di-tert-butyl peroxide or tri-n-butylboron as 
initiators (Figure 1). 

CH,CF2-1^ CF,Bri      '"'*"*'"' ■     BrF^C-f CH,-CFi^Br 

Figure 1. Radical telomerization of poly(VDF) with CF2Br2. 

Figure 2. 'H NMR spectrum of a bromine-temrinated polyfVDF) telomer. 

The composition of the telomers was calculated firom NMR data and 
found to catrespond well with the results of elemental analysis (CHBrF), 
demonstrating the successfiil preparation of bromine-temiinated poIy(VDF) 
telomers. Also shown in Table 1 are molecular weights of the telomers 
determined by NMR spectroscopy. This and other data, such as thermal 
analysis (TGA and DSC), will be reported. 

Table 1. Molecular Weight and Element Composition of Bromine- 
Termlnated PolyfVDF) Telomen 

Tekiiier M.W. CilcnbUoD(%) EkmenUluulyifaC/.) 

Br C H F Br C H F 

m 1362 13.8 32.0 2J8 2.35 13.51 32J9 2.52 51J5 

b 1490 11.7 32.6 2.60 53.0 13.41 32.29 i«2 51J5 

c gso 18.8 29.6 2J5 49.1 17.79 30.45 2J7 48J2 

d 129S 12.3 32.4 2J5 52.6 11.88 30.45 i58 48.22 

a,b - using di-tert-butyl peroxide as initiator, c,d - using tri-n-butylboron as 
initiator. 

Conclusions 
Telomers of VDF were successfully prepared in the presence of 

CBiiCFj using di-/ert-butyl peroxide or tri-n-butylboron as initiators. 
Telomerization using tri-n-butyl boron as the initiator can be done at room 
temperature, resulting in yields higher flian that obtained wifli di-rert-butyl 
peroxide. Preparation of other fluorinated telomers usmg fliis methodology is 
currently undo' investigation. 
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iBtroduction 
Due to the ability of perOuoroacrylic and perfluoromethaciylic esters to 

co-polymerize with different fluorine-containing olefins, scuh acrylates are 
used in the production of various copolymers with specifically tailored 
propeities. Among the currently used polyiluoroaciylates, the polymers and 
copolymen of fluoroalkyl acrylates and iluoioalkyl methactylates realized the 
most practical use. They are employed in the production of plastic light 
guides, photoresists, water-, oil-, and diit-repellent coatings, treatment of 
fibers and textiles, as well as other advanced applications.'' ^ Due to the 
ability of some poly(fiuoroalkyl methaciylate)s to degrade imder the influence 
of UV, X-ray, and electron beam irradiation, they have found application in 
miaolithiogiapby ibr the production of integrated circuit boards. They can be 
used as positive resists, i.e. resists where die iiradiated area is easily removed 
under the action of solvent.'*' These materials are among the best lesists 
available with excellent sensitivity and resolution capabilities. Polyacrylates 
and polymethaorylates having fluoroalkyl groups in the side chains, in 
paiticular, are usol also as a protective coatings and sur&ce modifiers.' 

Fhiorinated acrylic ester polymers, radically polymerized, are known to 
be generally amorpbous. However, when the ester of the higher normal 
fluorinated alcohols, typically F(CF2)o(CH]),„OH with n=7-l 1 and HF'I or 2, 
are polymerized, side-chain ctystallization occurs in the fluoroalkyl groups 
and imparts crystalline propeities to the polymers.' Side-diain oysbillization 
behavior plays an important role in determining the sur&ce properties of the 
polymer. Moreover, it is to be noted that radically polymerized 
po^fluoroalkyl actylate)s show crystalline properties even if the fluoroalkyl 
side chains are short (n< 7).' Due to their high optical ttasmissivity, we have 
been investigating a number of poly(fluoroaciylates) for advanced optical 
applications. Herein, we report the synfliesis and characterization of several 
fluorinated homo- and co-polymers along with aspects of their coating on Si 
substrates. 

Experimental 
GeneraL 1,1,13,33-HexafluoiDisopropylacrylate 

[CHi-CHCOOCHCCFjh] was purchase ftom Oakwood Products, Inc. Zonyl* 
TA-N [CH2-CHCOO(CH2)i(CFj)*.nF] and HYPALON™ (Aloiosulfonated 
polyethylene) were obtained from DuPont Dow elastomers L.L.C. CHCb, 
benzoyl peroxide and THF were obtained from Fisher, Aldrich, and 
Mallinckrodt AR* respectively. 'H NMR spectra were recorded using a 
Varian Mercury 300 MHz spectrometer. The spectra were obtained by 
dissolving 5-€ mg of each sample in drVMf. Thermal analyses were 
performed with a TGA 2050, and DSC 2920 {TA Instruments). IR spectra 
were recorded using a Petkin-Ehner Spectrum 1 spectrometer. Thm fihns of 
flie polymers were used for IR measurements. 

Polymerization procedure. The Aomo- and co-polymers of 1,1,1,3^,3- 
hexafluoroisopropylacrylate [CH2'<;HC00CH(CF3)2] and Zonyl* TA-N 
[CH2"CHCOO(CH2)2(CF2)4.i4F] were synthesized by radical polymerization 
as follows: into a screw-capped glass tube containing a small magnetic stir 
bar, l,l,U33-hexafluoroisopropylacryIate [CH2=CHCOOCH(CF3)2, 
dissolved in CHCb, was introduced. The solution was flushed with N2 while 
stirring. Benzoyl peroxide was then added as an initiator. The tube was 
heated in a water bath at 70-75 °C for 1.5-2 h with stirring. Upon completion 
of flie polymerization, flie solvent was removed. The polymer was purified by 
dissolving in etfiyl acetate, precipitated in MeOH, and dried at 50-60 °C under 
vacuum ovemi^ resulting in a transparent elastomeric polymer. The 
polymer was soluble in acetone and ethyl acetate, but insoluble in CHCb and 
CH2CI2. 

Zonyl* TA-N [CH2-CHCOO(CH2)2(CF2)4.t4F] was dissolved in ethyl 
acetate, polymerized, and dried according to the same procedure detailed 
above for l,l,13,334exafluoroisopropylaciylate. A white rigid polymer was 
obtained, which was soluble in DMF and acetone, but insoluble in CHClj, 
CH2CI2. EtOH, hexanes, and ethyl acetate. 

Copolymerization was carried out by using mixtures of 1,1,1,3,3,3- 
hexafluoroisopropylaciylate and Zonyl* TA-N, in different ratios. The same 
procedure was followed as in the case of homopolymerization. 

Results and Discussion 
Homo- and co-polymers of 1,1,1,3,33-hexafluoroisopropylacrylate 

[CH2-<;HC00CH(CF3)2] and Zonyl* TA-N [CH2=CHCOO(CH2)2(CF2)4.i4F] 
were synthesized by radical polymerization processes, using benzoyl peroxide 
as the initiator. The polymerization process was performed under various 
conditions, using benzoyl peroxide as an initiator, at 70-75 °C. On the other 
hand, polymerization could be conducted at room temperature using tri-n- 
butylboron/02 as the initiator. It was observed that the solubility of the 
synthesized polymers was dependent on their structure. Homo- 
po]y(l,l,13,3,3-hexafluoroisoprDpylacr>rlate) was sohible in acetone and 
ethyl acetate, but not soluble in CHCIj and CH2CI2. The Aomo-polyZonyl was 
soluble in DMF and acetone, but insoluble in CHCI3, CH2CI2, EtOH, hexanes, 
aixl ethyl acetate. The solubility of the copolymer was dependent on the 
mol% of co-monomers used in the polymerization. As flie moI% of the Zoiiyl 
co-monomer increased, the solubility of flie copolymer decreased, probably 
due to the increased leng& of the perfluoroaD^l side chairL 

IR spectra of poly(l,l,l,3,3,3-hexafluoroi8opropylacrylate) showed a 
strong absorption at 1741-1782 cm'', corresponding to flie ester carbonyl 
group, and an absorption at 2900-3000 cm'' belonging to the C-H stretching in 
the polymer backbone. The IR spectrum of polyZonyl had a strong absorption 
at 1736 cm'', attributable to the carbonyl of the ester group. AhhoughtbeC- 
H groups of flie two polymer backbones are similar, and the polyZonyl has 
two CH2 groups in the pofluoroalkyl side chin, the intensity of the absorption 
at 2900-3000 cm'' was lower than that of poly(l,l,l,3,3,3- 
hexafluoroisopropylacrylate). The spectra of the copolymeis show fliat as the 
moI% of the Zonyl co-monomer increases, the intensity of the IR absorption 
at 2900-3000 cm'' decreases. 

Thermal stabilily and phase transitions were characterized using TGA 
and DSC, respectively. Thermograms of flie polymers were obtained by 
beating under a nitrogen atmosphere. The degradation temperatures at 5% wt 
loss of Ao/no-poly(l,l,l,33,3-hexafluoroisopropylacrylate) was around 250 
°C and was 320 °C for the Aomo-polyZoiiyl. For flie copolymers, as the mol% 
of the Zonyl co-monomer increased, the degradation temperature increased. 
The DSC thermograms were obtained using a heating rate of 10 °C/min. It 
was shown that polyZonyl possessed a high degree of ciystallinity Qugi 
melting endothermic transition at 98.5 "C). Meanwhile, poly(l,I,13,3,3- 
hexafluoroisopropylacrylate) exhibited no melting ttansitioiL 'H NMR 
spectra were recorded for all of the polymers. 

Disk shaped silicon waiers were coated with some of the syn&esized 
polymers having minimal absorption in the 1860-2900 cm'' (S.6-5.4 ^m) for 
IR optical devices. In the IR spectra, the absorption bands at 3.36 )tm were 
ascribed to C-H stretching. 

Conclusion 
Homo- and co-polymers of fluoioalkylacrylates were synthesized. The 

polymerization process was performed under various conditions, using 
benzoyl peroxide as an initiatar, at 70-75 °C. On the other hand, 
polymerization could be conducted at room temperature using tri-n- 
butyIboron/02 as flie initiator. The dependence of solubili^, fliennal stability, 
and degree of crystalhnity of flie S3mthesized copolymers were determined. 
Controlling the inol% of die Zonyl co-monomer leads to control of the 
morphology (degree of crystallinity). Successful coating of silicon wifli low 
cost polymeric materials, having miniinal IR absorption in key spectral 
regions, &cilitates opportunities to coat Si-wafers with different polymeric 
materials for use in a number of electronic and optical applications. 
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